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C H A P T E R 1 
INTRODUCTION 
It is well known that the kidney plays a prominent role in the main-
tenance of life by its ability to regulate the volume and composition of 
the body fluid. The kidney is commonly described as an excretory organ, 
but the assignment of such a limited role hardly does it justice. 
Excretion is the net result of a complex coherent system of filtration, 
reabsorption and secretion processes in which many regulatory mechanisms 
are involved. In the next paragraphs a short survey will be given of our 
present knowledge with regard to salt and water handling by the kidney. 
1.1 Structure of the kidney 
The mammalian kidney is composed of numerous functional units, called 
nephrons, all having grossly the same structure and function, and which 
operate in parallel (fig.1.1). Each nephron consists of a renal corpuscle, 
or glomerulus, where filtration takes place, and a tubular system where re-
absorption and secretion mechanisms operate. The tubular part is subdivided 
into a proximal tubule, a loop of Henle, and a distal tubule. Distal tubules 
of several nephrons deliver their contents into the collecting duct, and in 
turn many collecting ducts join and empty through a duct of Bellini into 
the renal calix. The renal calices join and are drained by the ureter. 
The glomeruli are all situated in the outermost part of the kidney, the 
cortex, generally some distance below the surface. The proximal tubule con-
volutes in the vicinity of the glomerulus before it descends with a straight 
part (the pars recta) toward the renal papilla. The loop of Henle includes 
the descending and ascending thin limbs, and the thick ascending limb. The 
extend of loop development varies with the position of the glomerulus in 
the cortex. Nephrons with glomeruli lying in the outer two thirds of the 
cortex have relatively short loops, sometimes even without a thin segment. 
Nephrons with glomeruli in the inner side of the cortex (juxta medullary 




Schematic view of a nephron and its vascular supply (from Pitts, 1974; 
reproduced with permission of the publisher). The efferent vasculature 
of one nephron may be extended to the proximity of tubules of neighbour-
ing nephrons (Beeuwkes, 1980). 
to the tip of the papilla. The distal tubules convolute in the vicinity of 
the renal corpuscle of the same nephron. 
The glomerulus consists of a network of blood capillaries, surrounded 
by Bowman's capsule (fig. 1.2). This capsule is in origin the invaginated 
blind end of the proximal tubule. In fact the walls of the glomerular 
capillaries and the tubule have fused to form a highly permeable barrier 
between capillary and tubular lumen. Under the influence of small driving 
. , convoluted proximal 
stal . , , 
tubule , u b u l e I 
Fig. 1.2 
Glomerulus and tubular system of a single nephron (after Pitts, 1974). 
forces, large amounts of water and small solutes are filtered through this 
membrane. Because of its importance for kidney function this barrier will 
be described in more detail in the next paragraph. Besides capillaries, the 
glomerulus contains a mesangium which provides support for the capillaries 
and is composed of a matrix and mesangial cells (Latta, 1973). These cells 
are believed to be the equivalent of smooth muscle cells in the glomerulus 
(Ichikawa et al., 1979a; Ausiello et al., 1980; Mahieu et al., 1980). 
The kidney is supplied with blood by one renal artery which branches in-
side the kidney until at the end each glomerular capillary tuft is provided 
with blood from an afferent arteriole. On leaving the glomerulus blood flows 
through the efferent arteriole. This arteriole branches to form a complex 
peritubular capillary network surrounding the tubular system of the nephron 
from which it originates (Weinstein et al., 1978). However, peritubular 
capillaries may also be found in the vicinity of tubules of neighbouring 




The juxtaglomerular apparatus (after Laragh et al., 1973). 
role in the reabsorption process, since they collect the fluid and solutes 
which are reabsorbed from the tubular lumen. 
In the hilus of the glomerulus an anatomical structure is present which 
is called the juxtaglomerular apparatus and which is believed to play an 
important role in the feedback control of renal blood flow and glomerular 
filtration rate (Thurau, 1964; Wright et al., 1979). The juxtaglomerular 
apparatus (fig. 1.3) consists of a tubular and a vascular component which 
are in close contact (Barajas & Latta, 1963). The vascular component in-
cludes the afferent and efferent arterioles and a group of cells which be-
long to the extraglomerular mesangium (Polkissen cells). The tubular com-
ponent consists of a portion of the distal tubule that establishes contact 
with the vascular component. This includes the region of the distal tubule 
which is called the macula densa because the nuclei of these cells appear 
to be packed closely together. In addition, the epithelium of the thick 
ascending limb of Henle's loop may be found in contact with the vascular 
component (Kaissling et al., 1977). In the cells of the vascular component 
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large collections of cytoplasmic granules are present. These cells are 
called the juxtaglomerular cells and are currently thought to be a source 
of the peptide hormone renin, since this compound has been localized in 
the granules (Cook, 1971). Besides, evidence has been found for a local 
formation of angiotensin II by renin in single juxtaglomerular cells 
(Latta, 1973). The functional aspects of the juxtaglomerular apparatus 
will be considered in paragraph 1.4.2. 
1.2 The glomerular membrane 
The mammalian glomerular capillary wall through which filtration takes 
place,consists of 3 distinct layers endothelial cells, glomerular basement 
membrane and epithelial cells. The endothelial cells form a thin, approx-
imately 300 A thick, layer around the capillary lumen. These cells are 
separated by numerous fenestrae measuring 500-1000 S (Farquhar et al., 1961) 
in diameter. A negatively charged surface coat covers the cell surface 
(Latta et al., 1975). The glomerular basement membrane (GBM) has a thick-
ness, which ranges from 1100-1600 Ä in rats to 2400-3600 S m man (Karnovsky 
et al., 1972). From electron microscopic studies it was shown that the GBM 
has a central electron-dense layer, the lamina densa, which is sandwiched 
between two electron-lucent layers, the lamina rara interna at the luminal 
side, and the lamina rara externa, which both contain polyanions (Venkat-
achalam et al., 197Θ). The middle layer consists of a fairly dense meshwork 
of fine fibrils, 20-50 A in diameter (Latta, 1970) and appears to be more 
neutral. The epithelium is composed of podocytes and is covered with a 
cell coat up to 800 A in thickness, having a net negative charge due to 
the presence of acid glycoproteins of which the major component is sialic 
acid (Latta et al., 1975). Cytoplasmic "foot"-processes of adjacent podo­
cytes interdigitate with one another and are anchored to the GBM. Between 
the foot-processes there are slits measuring 40x140 A (Rodewald et al., 
1974). 
The glomerular membrane is highly permeable to water, but blood cells 
and plasma macromolecules are normally almost completely prevented from 
filtration. Macromolecules of intermediate size are generally retarded in 
their passage across the glomerular membrane. Ultrastructural tracer studies 
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indicate that the transfer of macromolecules across the glomerular capil-
lary wall is extracellular (Rennke et al., 1977), but have as yet not given 
a satisfactory answer to the question as to which structure represents the 
main filtering element for these molecules (Gundersen et al., 1980). How-
ever, the endothelium can be ruled out immediately, since the fenestrae 
are too large to restrict the passage of anything other than the cellular 
components of blood (Farquhar, 1975). In 1961 Farquhar et al. demonstrated 
that the basement membrane represents the main filter for molecules of the 
size of ferritin (Farquhar et al., 1961), but the question whether smaller 
molecules were filtered in the same way remained unanswered. Subsequently, 
evidence was provided that the epithelial slits may also act as filtering 
element (Graham et al., 1966). Moreover, it was shown that epithelial cells 
are able to remove macromolecules from the lamina rara externa by endo-
cytosis (Venkatachalam et al., 1978). However, for neutral macromolecules 
such as dextrans the GBM seems to form the main barrier to filtration 
(Caulfield et al., 1974). From the overall characteristics of the glomerular 
membrane Venkatachalam concluded that the filtering membrane may be viewed 
as a gelatinous matrix composed of a network of fibers or fibrils (glyco-
protein chains) with a hydrated interior of as yet unknown spatial con-
figuration and dimensions (Venkatachalam et al., 1978). 
1.3 Renal function 
In the kidney large amounts of water and small solutes pass the walls 
of the glomerular capillaries and leak into the tubular lumen. Water, ions 
and other small substances of value for the body are then almost completely 
reabsorbed in the tubule. Transport takes place over the tubular wall and 
is either energy requiring (active transport) or passive. Once reabsorbed, 
water and solutes are taken up by the peritubular capillaries. Waste prod-
ucts, which enter the tubular space either by filtration or by excretion 
across the tubular wall, are not reabsorbed and leave the kidney with the 
urine. In this way large amounts of plasma are efficiently cleared of waste 
solutes at the cost of only minimal amounts of valuable substances. 
Most of our knowledge about the processes involved has been obtained in 
experiments with rats. Many of the results, however, have been shown to 
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apply to other mammalian kidneys as well. In the following paragraphs a 
comprehensive description of glomerular filtration will be given. In ad­
dition, tubular fluid transport will be discussed. 
Glomerular filtration rate 
The rate of glomerular ultrafiltration is governed by the same driving 
force which governs fluid movement across other capillary membranes, namely 
the imbalance between transcapillary hydraulic and colloid osmotic pressure. 
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where J is the local volume flux of ultrafiltration, к is the hydraulic 
permeability of the capillary wall, and ΔΡ and ΔΠ are the transcapillary 
hydraulic and colloid osmotic pressure differences, respectively. The sub­
scripts "GC" and "T" denote glomerular capillary and tubular space respectiv­
ely. Colloid osmotic pressure of blood is predominantly generated by albumin 
and globulin molecules and amounts to about 22 mmHg in the rat (Källskog 
et al., 1973). However, since these molecules are almost entirely retarded 
from ultrafiltration, their concentration in the tubular lumen, and there-
fore JI may be regarded to be negligible (Brenner et al., 1976a). 
For a long time it has been impossible to determine with reasonable ac-
curacy the other parameters which govern the filtration process. In contrast 
to proximal tubules, which show abundant convolutions at the renal surface, 
glomeruli are generally situated at some distance below the cortical sur-
face, although, occasionally some superficial glomeruli are found in Sprague-
Dawley rats (Källskog et al., 1975). However, some ten years ago a mutant 
strain of Wistar rats was discovered, called the Munich-Wistar strain, which 
possess numerous glomeruli at the renal surface (Brenner et al., 1972a). 
With this discovery it became possible to measure Ρ directly. Brenner 
and collegues found Ρ in these rats to average 45 mmHg at a mean arterial 
pressure of 115 mmHg (Brenner et al., 1971); Ρ was ca 10 mmHg (Brenner et 
al., 1972b). This value of Ρ is considerably lower than values reported 
GC 









 capi l lary length ' 
Fig. 1.4 
Pressure profile along the glomerular capillary in the Munich-Wistar rat 
(after Brenner et al., 1976b, ρ 506). 
et al., 1974; Blantz, 1975a). 
In kidneys of Munich-Wistar rats the hydraulic pressure profile along 
the renal microcirculation can be determined. Maddox et al. (1974) have 
shown that the pressure drop over the pre- and postglomerular vasculature 
is almost entirely determined by the afferent and efferent arterioles. 
The pressure drop along the glomerular capillaries (Blantz, 1980a) and 
along the peritubular capillaries, however, was reported to be small 
(Maddox et al., 1974). Therefore, the hydraulic pressure gradient over the 
glomerular membrane (ΔΡ) is almost constant over the length of the glomer­
ular capillaries, being on the average "v« 35 mmHg. The colloid osmotic pres­
sure gradient (ΔΠ) on the other hand, is by far not constant. Measurements 
of afferent and efferent arteriolar plasma protein concentration have re­
vealed that protein concentration rises as blood flows along the glomerular 
capillary network. Therefore, the colloid osmotic pressure in the glomer­
ular capillaries, Π, increases from a minimum value of about 20 mmHg at the 
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afferent end (Π ) of the capillary network to approximately 35 mmHg at the 
efferent end (Π ) (Brenner et al., 1976b). Hence, the local net ultrafil-
tration pressure difference ΔΡ , which equals ΔΡ - ΔΠ, declines along the 
glomerular capillary from a maximum value of about 15 mmHg to zero, indicat­
ing that at the efferent end ΔΠ equals ΔΡ (fig. 1.4). This equality of ΔΡ 
and ΔΠ is referred to as filtration pressure equilibrium. 
On theoretical grounds Deen et al. (1972) concluded that during filtration 
pressure equilibrium the glomerular filtration rate is extremely sensitive 
to changes in glomerular blood flow. They also showed that the ΔΠ profile 
along the glomerular capillary is nonlinear. This is due to two factors: 
1) Since the local rate of ultrafiltration is proportional to the driving 
force (eq 1.3.1), filtration will be most rapid at the afferent end. 
Due to the formation of protein free filtrate, the concentration of proteins 
in the capillary lumen, and hence ΔΠ, rises, thus reducing the net driving 
force for ultrafiltration. 
2) ΔΙ1 increases in a nonlinear fashion with increases in protein concen­
tration (C). The relationship between Π and С is given by the Landis-
Pappenheimer relation (Landis et al., 1963) 
Π = 2.1 С + 0.16 С 2 + 0.009 С 3 (1.3.2) 
where С is given in g/100 ml, and ΔΠ in raraHg. This equation holds when 
approximately 50% of total protein is albumin,which appears to be the case 
in Munich-Wistar rats (Blantz et al., 1975b). 
2 Glomerular_hYdraulic_germeabilitY 
The rate of ultrafiltration along the whole glomerular capillary bed of 
one nephron, the single nephron glomerular filtration rate, is generally 
expressed as 
Single nephron GFR = Κ ·ΔΡ = Κ (ΔΡ - ΔΪΓ) (1.3.3) 
Κ is the ultrafiltration coefficient, which is the product of the hy­
draulic permeability of the capillary wall (k) and the surface area (S) 
available for ultrafiltration in a single nephron. Since the exact ΔΠ 
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profile cannot be determined when filtration equilibrium exists, ΔΡ and 
ΔΠ are generally taken as mean values of ΔΡ and ΔΠ, respectively, along the 
glomerular capillaries, assuming a linear Π profile. Deen et al. (1972) 
have shown that this assumption provides convenient estimates of the minimum 
value of К and the maximum value of ΔΡ_. More reliable estimates of these 
F UF 
parameters may, however, be obtained by experimental procedures such as 
plasma volume expansion, which abolish filtration pressure equilibrium. 
In that case an unique ΔΠ profile can be computed. Deen et al. (1973) have 
employed this approach in order to estimate the value of К in the Munich-
Wistar rat. K f was found to average about 4.θ ni/(min.mmHg) or Ο.ΟΘ 
ni/(s.mmHg). 
Equation 1.3.3 has been extended to apply to the whole filtering area 
of the kidney: 
GFR = Κρ·ΔΡ = Κ^(ΔΡ - ΔΠ) (1.3.4) 
where GFR is the glomerular filtration rate of the whole kidney. The ultra­
filtration coefficient 1С, applies to the whole filtering area of the kidney. 
Equation 1.3.4 is applied, taking ΔΡ and ΔΠ values as measured in super­
ficial nephrons, to calculate K . Its application assumes, however, that 
the filtration process in superficial glomeruli is characteristic for all 
glomeruli. Arendshorst and Gottschalk in a recent study (Arendshorst et al., 
1980) have shown that at least in Chapel Hill (see below) Mumch-Wistar rats 
this seems to be true, although Aukland et al. (1977) have shown that in 
normal Wistar rats Ρ in the deepest glomeruli is little, but significantly 
GC 
(p < 0.02), less than in superficial glomeruli. 
Probably due to the overwhelming amount of literature dealing with glo­
merular dynamics in Mumch-Wistar rats, it has long been tacitly assumed 
that the results and conclusions drawn for this mutant strain apply to rats 
in general. Indeed, results reported by several other groups are generally 
in good agreement with those reported by Brenner and colleagues (Blantz 
et al., 1974; Blantz, 1975a; Andreucci et al., 1976; Arendshorst et al., 
1980). However, in the past few years it has become increasingly evident 
that differences between different strains of rats exist. Kâllskog et al. 
(1975), suggested that in Sprague-Dawley rats filtration pressure equilib-
rium is absent. Moreover, these authors measured Ρ (^  63 mmHg) to be 
GC 
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significantly higher in these rats than in Munich-Wistar rats. Aukland et 
al. (1977) have confirmed these findings, and have found no significant dif­
ference between Ρ measured in normal Wistar and Sprague-Dawley rats. 
GC 
Proximal tubular hydraulic pressure seems, however, to be rather independent 
of the strain of rats studied. 
The observed differences in glomerular dynamics between Munich-Wistar 
rats and rats of other strains cannot solely be ascribed to methodological 
differences, as has recently clearly been proven by Arendshorst et al. 
(1980). These authors studied glomerular dynamics in Sprague-Dawley rats and 
in two different groups of Munich-Wistar rats. One group originated from 
Brenner's colony (the Boston group), the other was locally bred (the Chapel 
Hill group). In the Boston group the results were in agreement with those 
of Brenner and coworkers. However, in the Chapel Hill group, filtration 
pressure equilibrium was absent, and the glomerular filtration coefficient 
К ( я. 0.033 ni/(s. mmHg) ) was significantly lower than in the other group. 
Their investigations on Sprague-Dawley rats confirmed the findings of Källs-
kog et al. (1975), and, moreover, disclosed a striking similarity between 
glomerular dynamics in Sprague-Dawley and that in Chapel Hill rats. It is 
therefore concluded that the low ?__, the high K, value, as well as the 
occurrence of filtration pressure equilibrium and the concomitant high de-
pendency of single nephron GFR upon glomerular blood flow,in (Boston) Municn-
Wistar rats are exceptions rather than the general rule in rat kidneys. 
Glomerular germeabilitY_of_macromolecules 
Large molecules of the size and charge of albumin are almost completely 
reflected by the glomerular membrane. In contrast ions and small solutes 
easily pass this membrane. For macromolecules of intermediate size the frac-
tional clearance φ, which equals the ratio of solute concentration in Bow­
man' s space over that in plasma, is generally between zero and unity. The 
actual value of φ depends on several physical parameters of the macromole­
cule, as well as on hemodynamic factors. 
For neutral macromolecules such as dextran, the fractional clearance de­
clines rapidly when its Stokes-Einstein radius exceeds ^ 18 A (see fig. 
1.5) and is almost zero for a molecular radius of 40 A. Therefore, for large 
molecules there will be an accumulation of solute molecules near the walls 
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Fig. 1.5 
Fractional clearance Φ as a function of molecular radius, Ä, for negatively 
charged dextran sulfate (DS), neutral dextran (D), and diethylaminoethyl 
dextran (DEAE) which has a net positive charge, as measured in the normal 
Munich-Wistar rat. Points represent mean values, bars denote SEM values. 
Data are taken from Deen et al. (1980); lines were drawn by hand. 
of the glomerular capillaries during fluid filtration (solute polarization). 
In addition to molecular size, the configuration and flexibility of the 
molecules play a role (Bohrer et al., 1979). Elongated molecules pass the 
glomerular membrane more easily than spherical particles of the same Stokes-
Einstein radius. In this respect the findings of J^rgensen and Miller are 
of interest. These authors concluded from their studies that with respect 
to molecular configuration the transport of macromolecules over the glomer-
ular membrane is governed by the same forces which determine their pene-
trability into chromatographic gels (JeSrgensen et al., 1979). 
It has also been shown that the fractional clearance of macromolecules 
is highly dependent on molecular charge (Chang et al., 1975a; Bohrer et al., 
1977a; Brenner et al., 1978; Deen et al., 1980). Negatively charged dextran 
molecules are retarded to a greater extent than neutral dextrans of the same 
size, while the passage of positively charged dextrans is enhanced. This is 
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Fig. 1.6 
Filtration of macromolecules through a negatively charged network depends 
on size, configuration, flexibility and charge of the solute molecule. 
Arrows denote the direction of the force exerted on the molecules by the 
negatively charged membrane.(Partially redrawn after Venkatachalam et al., 
1978). 
illustrated in figure 1.5. Figure 1.6 gives an overall view on molecular 
parameters which govern the passage of macromolecules through the fibril­
lar glomerular membrane. In addition to the physical factors of the mole­
cules described above, hemodynamic parameters determine the fractional 
clearance. As will be shown in Chapter 5, the glomerular filtration rate 
(GFR) plays a prominent role in this respect. 
4 Tubular reabsorgtion_of water 
It should be emphasized that the studies described in this thesis are 
focussed on glomerular filtration of fluid and macromolecules. However, 
there is a close functional relationship between glomerular filtration and 
tubular reabsorption, as will be shown in section 1.4 where glomerular-
tubular balance and autoregulation will be discussed. For a proper under­
standing of these phenomena some insight in the processes involved in tubu­
lar fluid reabsorption is required. Filtrate which leaks into the tubular 
lumen consists of water and small solutes. The major part of the solute 
component is formed by Na , К , Cl and HCO. ions. Normally, more than 98 
to 99 percent of the filtered water, sodium, chloride and bicarbonate, and 
some 80 to 95 percent of the filtered potassium is reabsorbed by the tubular 
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system and subsequently drained by the peritubular capillary bed (Rose, 
1977). 
The renal handling of all these substances can be regulated more or less 
separately. Fluid transport, however, is entirely determined by the hydrau-
lic permeability of the tubular wall, and by osmotic gradients existing be-
tween the peritubular space and the tubular lumen. However, since the osmo-
tic gradient is mainly generated by active solute transport across the 
tubular wall, fluid reabsorption will also depend on the rate of transport 
of each of the different solutes. In this paragraph we will deal briefly 
with fluid reabsorption along the different sections of the tubular system. 
PAOXAJMI tubwLe. 
From 65 to 85% of the glomerular filtrate is normally reabsorbed in the 
proximal tubule (Pitts, 1974). This transport is isotonic, as both the fluid 
reabsorbed and that remaining in the tubular lumen have the same osmotic 
pressure. Proximal tubular transport has been the subject of numerous in-
vestigations. Nonetheless, all the ion transport mechanisms involved, and 
the routes which solutes and water follow on their way from lumen to pen-
tubular space, are not yet precisely known (Fromter, 1979; Hill, 1980). 
It is, however, beyond dispute that the enzyme Na -K -ATPase, located in 
the basolateral membrane, plays a prominent role by pumping sodium actively 
out of the cells. This transport lowers the cellular sodium concentration 
and increases the cellular potassium concentration. Moreover, an electrical 
potential difference is created over the cellular wall (lumen negative) as 
a result of differences that exist in the relative permeability of the cell 
membrane to the various ions that are involved in the transport processes. 
Both factors favour the passive entry of Na ions into the cell across the 
luminal membrane. However, to preserve electroneutrality, the Na ions must 
be followed by anions, for example CI and HCO . 
Besides the Na -K -ATPase driven Na transport into the cell, several 
other ion transport mechanisms have been described. These include both ac-
tive ion transport systems, for instance the Na -gradient driven H secre-
tion into the tubular lumen (Dubose et al., 1979; Frömter, 1979; Bichara 
et al., 1980; Ullrich et al., 1977; Aronson, 1981; McKinney et al., 1977; 
Lucci et al., 1979), and passive transport mechanisms. Among the latter the 
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carbonic anhydrase mediated transport of bicarbonate (Lönnerholm et al., 
1980; Wistrand et al., 1977; Warnock et al., 1979), a Na+-H+ exchange mech-
anism (Murer et al., 1976; Burg et al., 1977), and a cotransport of Na 
with aminoacids and sugars (Ullrich et al., 1974a, 1974b, and 1979; Frômter 
et al., 1973 and 1974; Burg et al·., 1976) seem to be well established. How-
ever, a comprehensive treatment of proximal tubular ion transport is beyond 
the scope of this thesis. 
Of course, each of the various solutes reabsorbed from the tubular lumen 
contributes to the creation of an osmotic gradient, favouring fluid trans-
fer across the tubular wall. The proximal tubular wall is extremely permea-
ble to water. Andreoli et al. (197Θ) have measured a hydraulic conductivity 
4 
of ca 3500 ym/s (6.3 cm /(osmol.s)). Therefore, only small osmotic driving 
forces are required to generate a moderate rate of fluid reabsorption 
(Andreoli et al., 1979). 
Loop oi HznÌt 
The main function of the thin portions of Henle's loop and the thick as-
cending limb is to create and maintain an osmotic gradient both inside the 
tubular lumen and in the peritubular space. This gradient is directed from 
the renal papilla towards the cortex, where kidney tissue is isotonic (Wirz 
et al., 1951). Sodium chloride and urea particularly contribute to the in-
crease in osmolality (Hai et al., 1969). 
The mechanism by which the osmotic gradient is generated and maintained 
is a countercurrent multiplication system (Kuhn et al., 1942; Jamison, 
1974; Wirz et al., 1973). 
Water is reabsorbed from the descending limb due to the high peritubular 
osmotic pressure and the water permeability of the tubular wall of this 
segment (Lassiter et al., 1961; Kokko, 1970). In addition, salt is added 
to the tubular fluid (de Rouffignac, 1972) . 
The ascending limb on the other hand is almost impermeable to water. In 
the thick ascending limb NaCl is actively reabsorbed from the tubular lumen. 
In this segment a 3-9 mV lumen positive potential is present (Kokko, 1974). 
At any level in the medulla, fluid from the ascending limb has a lower 




The distal tubule is generally taken as the portion of the nephron in-
cluded between the macula densa and the first branching of the collecting 
tubule. Fluid entering this segment is normally hypotonic due to active 
salt transport in Henle's loop in excess of water. Yet, some 10-15% of the 
filtered load of sodium is reabsorbed in distal convoluted tubules. Sodium 
transport proceeds against large concentration and electrical gradients: 
the luminal electrical potential is about 50 mV negative with respect to 
the peritubular fluid (Pitts, 1974). 
The distal tubule is also a site where the excretion of protons (Rector, 
1973), and potassium ions (Wright et al., 1978) is adjusted. However, al-
though these ion movements may cause some changes in the existing osmotic 
gradients over the tubular wall, there is generally a net water reabsorption 
from the distal tubule, which depends on the water permeability of the tubular 
wall. This permeability is predominantly governed by the antidiuretic hor-
mone (ADH). In the absence of ADH the permeability of the tubular wall for 
water and solutes is generally low (Wirtz et al., 1973). On addition of ADH, 
however, the permeability for water may rise m proportion with ADH concen-
tration, although this effect may be species dependent (Friedman et al., 
1977). 
СоІЛг и.щ duct 
The main function of the collecting duct is to adjust the amount of water, 
which leaves the kidney as urine. As stated above, in this section the osmol­
ality of the peritubular fuid increases towards the papilla. The osmotic 
gradient across the ductal wall forms the driving force for fluid reabsorp-
tion, and, like in the distal tubule, the water permeability of this wall 
is regulated by the ADH level. At high ADH levels, the osmolality of the 
urine may be the same as that of the interstitial fluid, i.e. some 1200 Osm. 
At lower ADH levels, less water is reabsorbed and urine osmolality is lower. 
In summary, in the proximal tubule fluid transport is isosmotic, and 
therefore strongly dependent on ion transport processes. Here, always some 
80% of filtered water and ions is reabsorbed. There is active transport of 


















Summary of passive and active exchanges of water and ions in the nephron in 
the course of elaboration of hypertonic urine. Concentrations of tubular 
urine and peritubular fluid are given in milliosmoles per liter; large, 
boxed numerals are estimated percentages of glomerular filtrate remaining 
within the tubule at each level. (From Pitts, with permission of the publish­
er). 
salt to and withdrawal of water from the descending limb. By this process 
the medullary interstitium becomes increasingly hypertonic from the cortico-
medullary junction down to the tip of the papilla. The collecting ducts 
serve as osmotic exchangers, giving up water to the hypertonic interstitium. 
In the distal tubules and the collecting ducts the final adjustments of ion 
and water secretion are made. The above is schematically represented in fig. 
1.7. 
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4. Regulation of renal function 
Renal function is subject to a great number of regulatory processes of 
which many are interdependent. Some of these mechanisms act on glomerular 
filtration rate, by adjusting either renal blood flow or the permeability 
characteristics of the glomerular filter. Others interfere primarily with 
tubular transport function. However, as we shall see, there is a close 
relationship between glomerular filtration rate and the tubular reabsorp-
tive capacity. Therefore, regulation of tubular function may have an impact 
on glomerular dynamics. 
Some of the regulatory systems reside outside the kidney and affect renal 
function by means of hormonal or neurogenic signals. Other systems are lo-
cated inside the kidney. In this paragraph we will survey some of these 
regulatory systems. 
1 Glomerular-tubular_balance 
The term glomerular-tubular balance expresses the ability of the proximal 
tubule to reabsorb an almost constant fraction of the filtered amount of 
water and sodium, irrespective of tubular load. Although a major portion of 
fluid reabsorption may be a result of active transport mechanisms, several 
passive mechanisms have been postulated to affect proximal tubular reab-
sorption (Gertz et al., 1973). Falchuk et al. (1971) found evidence for a 
direct relationship between the hydrostatic minus the colloid osmotic pres-
sure difference between proximal tubules and peritubular capillaries on one 
hand and fluid reabsorption on the other hand. These authors perfused pen-
tubular capillaries in the rat in vivo at different hydrostatic pressures 
with perfusates having different oncotic pressures. However, Blantz and 
Tucker (1975b) found only little correlation between either net inter-
stitial pressure or the passive driving forces across the proximal tubular 
epithelium and fluid reabsorption. In contrast, Quinn et al. (1979) found 
these quantities to correlate strongly. 
It has also been proposed that fluid reabsorption depends on the luminal 
flow rate per sé. This hypothesis has been tested by several investigators 
in isolated perfused proximal tubules. Indeed, both in the convoluted prox-
imal tubule (Imai et al., 1977; Barfuss et al., 1979) and in the pars recta 
(Schafer et al., 1978b) a flow rate dependent water uptake was observed. 
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However, the proportial increase of water reabsorption with increasing flow 
rate was low, and could only account for some one third of complete glome-
rular-tubular balance (Barfuss et al., 1979). A recent investigation made 
by Corman et al. (1980) makes it even more complicated to explain glomerular-
tubular balance. In in vivo experiments these authors collected proximal 
tubular fluid at different puncture sites along the tubule. Glomerular-
tubular balance was well established, but in most of the tubules investigat-
ed, fluid reabsorption per mm did not change along the first 5-7 mm. At 
first sight this finding seems in conflict with a major role of peritubular 
capillary colloid osmotic pressure, since the fluid reabsorbed from the 
tubule reduces oncotic pressure, and therefore probably the net driving 
force for fluid uptake. In this respect the finding of Tucker et al. (1978) 
is of interest. Also in vivo, these authors observed an inverse relation-
ship between the peritubular capillary oncotic pressure and the hydraulic 
permeability of the peritubular capillary wall. 
However, despite the progress made in our understanding of glomerular-
tubular balance, the mechanism behind it remains as yet obscure. 
2 Autoregulation 
The kidney has the ability to maintain renal blood flow and glomerular 
filtration rate (GFR) relatively constant, despite marked variations in the 
mean arterial pressure in the range of ^ 80 to ^ 180 mmHg (Renkin and Gil-
more, 1973). This phenomenon, called autoregulation, has also been shown to 
operate in denervated and isolated kidneys (Baylis et al.,1978a) and to be 
inhibited by papaverine, a potent smooth muscle relaxant (Deen et al., 
1974a). In addition, this mechanism maintains total renal function at a 
normal level in rats after removal of one kidney (Deen et al., 1974b), but 
also after implantation of one or two supernumerary kidneys (Gittes et al., 
1980). These findings suggest that the mechanism responsible for autoreg-
ulation resides inside the kidney, and that renal blood flow and GFR are 
regulated by adaptation of pre- and/or postglomerular vascular resistance. 
Micropuncture studies have revealed that autoregulation of blood flow and 
filtration rate is not restricted to the whole kidney, but that it is also 
present at the single nephron level, and, moreover, that glomerular capil-
lary hydraulic pressure (P,„) is autoregulated as well (Robertson et al., 
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1972; Navar et al., 1978a). 
Many hypotheses have been presentì in an effort to explain this phenom-
enon (see Renkin and Gilmore, 1973, for a survey). None of these has probab-
ly attained more attention than the glomerular-tubular feedback hypothesis, 
as originally postulated by Thurau (1964) and by Guyton and associates 
(1964). Although there is some disagreement among the two groups of authors 
about the exact mechanisms involved (Wright et al., 1979), the underlying 
ideas are very much the same. The feedback hypothesis is based on the 
anatomy of the juxtaglomerular apparatus (JGA, see section 1.1) and on the 
finding that the renin secretory activity of the JGA granular cells depends 
on the state of sodium balance (Hartroft, 1963). In short, the feedback hy-
pothesis implies that the sodium concentration (Thurau) or the osmolality 
(Guyton et al.) of the tubular fluid is sensed at the macula densa, that 
the macula densa controls renin release, and that afferent arteriolar tone 
is controlled by the renin-angiotensin system. Events are believed to occur 
in a way that an increase in sodium concentration in the distal tubular 
fluid elicits a fall in single nephron GFR. 
Indeed, results of subsequent investigations have been interpreted as 
proof that the single nephron GFR is influenced by the sodium concentration 
of the tubular fluid passing the macula densa (Thurau and Schnermann, 1965). 
However, until recently, no experiment has actually established that it is 
at the macula densa that some quality of the distal tubular fluid is sensed 
(Wright et al., 1979). There is now actually doubt that the sodium concen-
tration is the factor which generates the feedback signal. Convincing evi-
dence for the existence of a tubular-glomerular feedback mechanism was not 
provided until the study of Schnermann and coworkers in 1970 (Schnermann et 
al., 1970). Applying microperfusion techniques, these investigators, and 
later also others (Müller-Suur, 1975; Blantz et al., 1981; Bell et al., 
1978) have demonstrated that upon variation of the rate of perfusion from 
the late proximal tubule to the early distal tubule there is a reciprocal 
change in the filtration rate measured in the same nephron. 
Several lines of evidence now point to the reabsorptive transport of 
chloride or the distal tubular chloride concentration as an initial step 
in the transfer of information from the distal tubule to the glomerular 
arterioles in rats (Wright, 1981; Blantz and Können, 1977,Schnermann et al., 
1976; Briggs, 1981). However, nephron perfusion experiments performed in 
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dogs by Bell et al. (1978) and in rats by Muller-Suur et al. (1978) failed 
to indicate a unique requirement for any specific component. Similar ex-
periments performed in dogs by Navar et al. (1978b) suggest that in the dog 
feedback-mediated changes in filtration rate may occur when tubules are 
perfused with essentially non-electrolyte solutions. However, Briggs (1981) 
has recently given suggestive evidence that during orthograde, loop per-
fusion (from proximal to distal tubule) enough electrolyte may enter the 
initially non-electrolyte solution to elicit a feedback response. Moreover, 
she showed that under these circumstances the distal tubular Na concen-
tration, and therefore probably the CI concentration is inversely related 
to fluid flow rate, even though the perfusate is free of electrolytes. 
According to the original hypothesis for the feedback mechanism des-
cribed in this paragraph, the macula densa controls the renin release of 
the JGA cells and the renin-angiotensin system regulates the afferent ar-
teriolar resistance. Investigations on this part of the feedback system 
have revealed many conflicting conclusions. These contradictory findings 
have been reviewed extensively by Wright and Briggs (1979) and will thus 
not be repeated here. A recent observation of Thurau et al. (1982) is of 
interest here: these authors have found evidence that local JGA renin is 
activated upon increase of the macula densa sodium chloride concentrations. 
However, m view of the work described in the following chapters we will 
deal briefly with the final action of the feedback mechanism: the regulation 
of arteriolar vascular resistance. 
In the hypothesis of Thurau arteriolar vascular resistance adjustments 
are believed to occur in the afferent arterioles. Indeed, from loop of 
Henle perfusion experiments in which afferent and efferent arteriolar flow 
rates and pressure drops were measured, and arteriolar resistances were 
calculated, Briggs et al. (1979) concluded that during feedback responses 
the afferent arteriolar resistance was ad]usted. The efferent arteriolar 
resistance showed no significant change. These data are in agreement with 
previously published data from Deen et al. (1974a) and Baylis et al.(1978a), 
which are presented in fig. 1.8. Whether these changes in afferent arter-
iolar resistances are mediated by the direct action of angiotensin II, is 
still not sure. Many investigations have lent strong support to the view 
that angiotensin II acts predominantly on the efferent resistance vessels 
(Steiner et al., 1979; Myers et al., 1975a,· Hall et al., 1977; Davalos et 
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al., 1978). 
It is not surprising that the pivotal role thought to be played by the 
renin angiotensin system in the mediation of autoregulatory adjustments in 
the renal vasculature is now questioned. According to one newer theory, 
the feedback mechanism requires a minimum level of renin activity for its 
action (Ploth et al., 1977) and the renin-angiotensin system regulates the 
sensitivity of the feedback mechanism (Ploth et al., 1979). According to 
another theory, proposed by Schnermann (1981), the renin-angiotensin system 
is only part of a very complex regulating system. In this system the role 
of the renin-angiotensin system is limited to the lower arterial pressures 
of the autoregulation range by adjusting efferent arteriolar resistance. 
At increasing arterial pressure another regulatory system is thought to 
become active, which is probably of myogenic origin. Moreover, it seems 
permissable to conclude that there is a dynamic interplay of vasoconstric-
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Fig . 1.8 
Afferent (RA) and efferent (RE) arteriolar resistances as measured in 
Munich-Wistar rats (after Baylis et al., 1974). 
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1979), in which the adrenergic nerves, demonstrated to extend from the af-
ferent to the efferent glomerular arterioles, may participate (Barajas, 
1981) . 
3 Control of_2lomerular_£ermeabilitY 
Renal function can be regulated both by influencing tubular function and 
by controlling the tubular load, i.e. GFR. At a fixed arterial pressure, 
GFR may be controlled by adjusting one of its determinants, for instance 
the glomerular capillary pressure by adjusting the ratio of pre- and post-
glomerular vascular resistance. Moreover, since the filtration fraction is 
generally high, a change in total renal vascular resistance and therefore 
in glomerular blood flow may change the colloid osmotic pressure profile 
along a glomerular capillary. This changes, in turn, the mean driving pres-
sure for ultrafiltration and thus single nephron GFR. However, as can be 
concluded from eq 1.3.4, a change in the hydraulic permeability coefficient, 
К , would also lead to a parallel change in the GFR. 
It has long been assumed that the glomerular membrane is a passive ele­
ment. Recent studies, however, suggest that changes in К may occur. As 
mentioned in section 1.3.1, most investigations on glomerular dynamics have 
been performed on Munich-Wistar rats, since these animals have surface 
glomeruli which permit the direct measurement of all parameters necessary 
to determine К . Such studies have revealed that infusion of angiotensin II 
(Ang II) in these animals leads to a reversible reduction in К (Steiner et 
al., 1979; Blantz et al., 1976; Ichikawa et al., 1979a). The question how 
Ang II induces a reduction in К has as yet not satisfactory been answered. 
It is known that glomerular mesangial cells possess specific Ang II re­
ceptors (Sraer et al., 1974) which probably differ from the renal vascular 
receptors (Caldicott et al., 1981), and that Ang II infusion in the rat 
leads to a contraction of the glomerulus (Hornych et al., 1972). Moreover, 
Ausiello et al. (1980) have recently demonstrated that cultured mesangial 
cells contract on exposure to Ang II and also to ADH.A reduction in К may 
generally be the result of a reduction in the hydraulic permeability of the 
glomerular capillary wall, or be exerted by a reduction in the available 
filtration area (see section 1.3.2). The investigations of Bohrer et al. 
(1977b) suggest that Ang II has little or no effect on the permeability 
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properties for dextran molecules. Therefore, these results imply that a 
reduction in К as a result of the action of Ang II is merely the result 
of a reduction in the filtration area. 
In addition to Ang II, a variety of other hormones including vasopressin 
(Ichikawa et al., 1977), parathyroid hormone (Ichikawa et al., 197Θ), his­
tamine (Ichikawa et al., 1979a), bradykinin, prostaglandin E. and acetyl­
choline (Baylis et al., 1976) have been shown to reduce К . However, it is 
as yet unknown how these hormones, of which some are known vasodilators, 
induce a reduction of К . Schor et al. (1980) have recently suggested that 
the action of some hormones may be mediated by Ang II, since infusion of 
Saralasin, an antagonist of the Ang II receptor, totally prevented the К 
lowering effects of the prostaglandins PGI_ and PGE , parathyroid hormone, 
and dibutyryl cAMP. Application of verapamil or manganese, both antagists 
of calcium ion entry into smooth muscle cells, also eliminates the action 
of most of these humoral agents. Therefore, Ca entry into mesangial cells 
has been proposed as a mechanism of lowering К (Ichikawa et al., 1979a,· 
Blantz, 1980b). 
Next to humoral factors, physical factors have been shown to exert an 
effect on К . Baylis and coworkers (1977) reported that on lowering the 
plasma protein concentration К also decreases. This finding was confirmed 
by Tucker and Blantz (1981). In addition, the results of the latter authors 
indicated that there is an inverse relationship between К and the glomer­
ular hydrostatic pressure gradient (ώΡ„„)· Robertson, in 1978 has reviewed 
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К values obtained in Munch-Wistar rats in a variety of experimental con­
ditions. These data show that in each experimental condition examined, К 
never exceeds its control value, obtained during volume expansion. 
All these findings taken together lend strong support to the hypothesis 
that the glomerular filter has the ability to play a role in the auto-
regulatory response of the kidney through adjustment of the hydraulic per­
meability coefficient К (Tucker et al., 1981) and possibly the glomerular 
blood flow by contractility of the glomerular apparatus (Ausiello et al., 
1980). 
4 Neurogenic control of tubular function 
The renal nerves have long been regarded to be unimportant in the reg-
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ulation of renal function. However, a direct innervation of cortical tubular 
cells has been demonstrated in the rat (Barajas et al., 1973) and dog kid-
ney (DiBona, 1977). Efferent renal nerve stimuli can cause an increase in 
salt and water reabsorption (Gottschalk, 1979), which is probably a direct 
effect of renal adrenergic nerves on the proximal tubular sodium reabsorp-
tion system (Gill, 1979). Recently, Chan (1980) has found evidence for a 
similar neurogenic control of proximal tubular bicarbonate reabsorption, 
and several investigations suggest that renorenal reflexes exist (Gottschalk, 
1979; Colindres, 1980). 
5 Hormonal £2¡}trol of kidney function 
As mentioned in section 1.4.3 hormones have been shown to reduce the 
glomerular permeability. Moreover, some hormones have been demonstrated to 
have a direct effect on tubular transport function. The antidiuretic hormone 
(arginine vasopressin in man) increases the water permeability of the col-
lecting duct. The prostaglandin PGE_ probably plays a regulatory role in the 
action of the antidiuretic hormone (Orloff et al., 1978; Hebert et al., 
1981). 
Parathyroid hormone (PTH) decreases renal bicarbonate absorption (Arruda 
et al., 1978; lino et al., 1979) and stimulates Na reabsorption in the 
proximal tubule and in Henle's loop (Straub, 1977). PTH also decreases 
phosphate reabsorption and increases calcium and magnesium retention (Harris 
et al., 1979) . A calcium-mediated effect of PTH on the action of ADH has 
been suggested (Humes et al., 1980)." 
An important hormonal system in the regulation of renal function is the 
renin-angiotensin-aldosteron system. 
The most important actions on renal function of Angiotensin II, the bio-
logical active form of this hormone, are on 
1) juxtaglomerular cells: inhibiting renin release (Freeman et al., 1979); 
2) renal hemodynamics: angiotensin II plays a major role in the autoreg-
ulatory system of the kidney by its ability to induce smooth muscle con-
traction (see section 1.4.2). 
A comprehensive description of all the hormonal actions exerted on kid-
ney function is, however, beyond the scope of this study and we like to 
refer to reviews on this topic (Oparil et al., 1980; Fisher, 1971). 
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1.5. Isolated perfused kidney 
It will be evident from the preceding sections that renal function is 
very complex, notably because of the many regulatory mechanisms involved. 
Therefore, it is not surprising that investigators have searched for methods, 
which permit the study of renal function under well-defined conditions. 
On the one hand, this resulted in the development of microperfusion tech-
niques, which are now widely used, e.g. for the study of metabolic and trans-
port processes of tubular segments both in vivo and in vitro. On the other 
hand, whole organ perfusion techniques have been developed. 
In 1959 Weiss and colleagues introduced the isolated perfused rad kidney 
for studying the regulation of renal blood flow (Weiss et al., 1959). Since 
then technical improvements have considerably enhanced tubular function and 
thereby whole kidney function in this preparation. This was achieved by 
improving both the perfusion apparatus and the composition of the perfusion 
fluid. By now, most investigators use rat kidneys and perfuse them m vitro 
with an artificial cell-free perfusate. The perfusion fluid generally con-
sists of a modified Ringer's solution, which contains metabolic substrates, 
some type of macromolecule as oncotic agent, as well as other substances 
known to improve or prolong kidney function. For details we refer to some 
review articles (Schurek et al., 1975; Ross, 1978; Maack, 1980). 
Despite these improvements, fractional sodium and water reabsorption 
are always found to be lower in the perfused kidney than in the in vivo 
situation. Moreover, GFR is generally lower, whereas renal perfusate flow 
rate (RPF) and urine flow rate are always several times higher than in the 
intact rat at the same arterial pressure (Schurek et al. , 1975; De Mello 
et al., 1976; Siegers et al., 1980; Maack, 1980). The high RPF cannot 
solely be explained on the basis of the lower viscosity of the perfusate 
than that of blood. However, it must be concluded that the renal vascular 
resistance decreases upon isolation of the kidney. Collis et al. (1977) 
have demonstrated that isolated kidneys may be totally vasodilated. The 
observed high RPF has also consequences for the tubular function. Fuller 
et al. (1977) have shown that the cortico-medullary osmotic gradient which 
exists in vivo is almost absent in perfused kidneys. This suggests that 
water reabsorption along the descending thin limb of Henle's loop and along 
the collecting duct are reduced. This view is in accordance with obser-
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vations made by De Mello et al. (1976). Applying micropuncture techniques, 
these authors found a highly deficient water and sodium reabsorption in 
Henle's loop. The rapid loss of the osmotic gradient may also explain why 
tubular cells of the outer medulla show rapid swelling in the early stages 
of perfusion (Bullivant, 1978a). 
It is difficult to make direct comparisons between the isolated kidney 
preparations currently in use by different investigators. Not only because 
of differences in operation and perfusion techniques used, but also be­
cause of differences in perfusate composition. It is known that in kidneys 
perfused with an artificial oncotic agent fractional reabsorption of water 
and sodium is always lower than in those perfused with albumin fraction V. 
Since perfusion with defatted albumin also reduces fractional sodium re-
absorption, it has been proposed that some agents bound to albumin, probab­
ly long chain fatty acids, increase the reabsorptive process (Ross, 197Θ). 
Addition of 5% albumin fraction V to a perfusate containing polyvinyl pyr-
rolidone (PVP) induces autoregulation of the renal perfusion flow (Bulli­
vant, 1978b). It also increases the vascular response to Ang II and epi­
nephrine about forty-fold. 
Several comparative studies of renal function in isolated cell-free per­
fused kidneys have been performed, comparing as osmotic agents: bovine 
serum albumin, Haemaccel, hydroxyethyl starch, dextrans (mol. weight either 
40,000, 70,000 or 150,000) and Pluronic F108. On the basis of the observed 
glomerular filtration rate, reabsorption of sodium, potassium and water, 
and kidney damage, it was concluded that Pluronic F108 is the preferred 
substance (Franke et al., 1971; Franke et al., 1975; Fuller et al., 1977; 
Wusteman, 1978). 
Table 1.1 gives a survey of renal function in several isolated perfused 
kidney preparations, with in vivo data included for comparison. 
Despite its functional imperfections, the isolated perfused kidney has 
been widely used and has proven to be useful for the study of renal function, 
especially of tubular transport and the vascular system. 
Purpose of our study 
In our laboratory we have developed an isolated cell-free perfused rat 
27 
Table 1.1 : Survey of kidney function in isolated perfused rat kidney preparations. 
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kidney preparation, which is used for the study of tubular transport and 
metabolism as well as for that of the vascular action of various vaso­
active agents. In this preparation GFR is also always lower than in vivo 
and it increases with the renal perfusion pressure due to the absence of 
autoregulation. Moreover, even at constant perfusion pressure, GFR may 
change with time (Siegers et al., 1980). Generally, GFR is an unknown 
factor during the course of an experiment. Since tubular function may de­
pend on the tubular load, which means on GFR, a direct comparison between 
the control period and the experimental period of one experiment is general­
ly difficult to make. Therefore, the first aim of the present study was to 
develop a method which permits to measure GFR continuously and instanta­
neously. Such a method not only offers the possibility to set GFR initial­
ly a desired value, but also permits to maintain GFR at a constant value 
by adjusting the perfusion pressure. 
A second and more comprehensive part of the present study is devoted to 
investigating glomerular dynamics in the isolated perfused kidney. Although 
glomerular dynamics have been studied extensively in rats in vivo, pre­
dominantly in Munich-Wistar rats, little is known about it in isolated per­
fused kidneys. However, it is likely that differences exist, both because 
of the observed low GFR and the high perfusion flow rates (section 1.5), 
and the reported increased leakage of albumin over the glomerular membrane 
in isolated kidneys (Stolte et al., 1979). 
The aim of this part of our studies is threefold: 
First, to investigate the properties of the glomerular filtration barrier; 
Second, to find an explanation for the observed low GFR values in iso­
lated kidneys by determining the other parameters which govern GFR. 
Thirdly, to develop a method for estimating glomerular capillary hydrau­
lic pressure (P„„) with reasonably accuracy in kidneys of non Munich-Wistar 
GC 
rats, without interfering with renal function. Knowledge of Ρ enables to 
GC 
discriminate between pre- and post-glomerular vascular resistance, and is 
therefore of interest in studies of renal vascular resistance. In our stud­
ies the method will be applied to kidneys of both normotensive and spon­
taneously hypertensive rats in order to investigate whether this type of 
hypertension leads to structurally determined changes in vascular resis­
tance. 
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C H A P T E R 2 
MATERIALS AND METHODS 
2.1. Perfusion apparatus 
A schematic drawing of the perfusion system is given in fig.2.1. The ap-
paratus consisted of a perfusate reservoir which was thermostated (general-
ly at 37 C), an in-line filter (Millipore, 5 ym pore size, 5 cm diameter), 
a secondary flow type membrane oxygenator, a Peltier heating element, a 
bubble trap chamber, and two pumps. Perfusion flow rate (RPF) was generated 
by a peristaltic pump (Verder, VRE200) , pump speed was controlled by a per-
fusion control unit (PCÜ) which allowed to perfuse at either constant flow 
rate or constant renal perfusion pressure (RPP). Moreover, the PCU enables 
to increase RPP in a linear fashion with time from an adjustable lower 
P e r f u s i o n s y s t e m 
г ' ' r—r-
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w a r m water bath 
Fig . 2.1 
Schematic r ep re sen t a t i on of the perfusion system. 
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value to a settable upper value. This possibility is of advantage in in­
vestigations on the renal autoregulatory mechanism, but has not been 
applied in the present studies. Regulation of RPP was achieved by feed­
back control of pump speed, making advantage of the linear relationship 
between the pump control voltage and pump speed. The in-line filter was 
incorporated into the system because such filters have shown to prolonge 
the useful function of perfused kidneys (Ross, 1978). 
The perfusion fluid was oxygenated with a 95% 0/5% CO gas mixture. In 
the reservoir the perfusate was pregassed; in the oxygenator the fluid was 
saturated with gas. The oxygenator consisted of a hollow lucite cylinder 
in which a number of metal pipes were mounted parallel to the axis. Around 
each pipe a silicon tubing was coiled; all tubings were perfused in par­
allel with the perfusion fluid. Oxygen and carbon dioxide diffused into 
the perfusate from the lumen of the cylinder, which was continuously gassed. 
This process was enhanced by the fluid mixing that occurred inside the 
tubings. In order to prevent excessive cooling of the fluid inside the oxy­
genator, which would lead to degassing when the perfusate was heated to the 
final perfusion temperature, water of 37 С was pumped through the metal 
pipes. All fluid connections between the oxygenator and the kidney were 
made of either viton tubing or metal pipes to prevent oxygen to escape. 
Since the perfused kidney cannot sustain injection of airbubbles, a 
bubble trap chamber was introduced into the system. 
The temperature of the perfusate entering the kidney was measured inside 
the arterial cannula and was maintained constant (generally 37.5 C) by man­
ually adjusting the power supplied to the Peltier element. Fluid leaving 
the kidney through the renal vein flowed into the perfusion chamber, thus 
surrounding the kidney. The fluid in the perfusion chamber was maintained 
at a constant level employing a second peristaltic pump, which pumped the 
fluid back into the reservoir. 
In Chapter 3 we describe the instruments connected to the ureter catheter 
serving to measure continuously the GFR. 
Perfusion fluid 
The composition of the perfusion fluid is given in table 2.1. In addition 
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to electrolytes (A) and metabolic substrates (Β), the fluid contained some 
additional substances (D) which are meant to improve renal function of the 
isolated perfused kidney. 
Pluronic F108 (BASF Wyandotte, MI) was added to the perfusate as colloid 
osmotic agent; it also increased perfusion fluid viscosity. Pluronic F108 
is a synthetic block co-polymer of polyoxyethylene and polyoxypropylene and 
will be described in Chapter 4 together with its physicochemical properties. 
In some experiments fluorescein (FITO -dextran, mol weight 19,400 
(Pharmacia) was added to the perfusate. 
Vitamin В - (cyanocobalamin) was used as a marker for the glomerular 
filtration rate (GFR) as will be discussed in Chapter 3. 
The perfusion fluids were prepared in sterilized bottles and were filter­
ed prior to use through a Millipore filter (pore size 0.22 \im) to remove 
possible contaminations; pH was set at 7.4. 
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2.3. Experimental procedure 
Kidneys were obtained from normotensive Wistar (NR) and Wistar Kyoto rats 
(WKY), as well as from spontaneously hypertensive Wistar Kyoto rats (SHR). 
Most of our studies were performed on kidneys of NR rats. However, when the 
effects of hypertension on glomerular dynamics were investigated, SHR rats 
were used, because of the apparent similarities between the hypertensive 
disease in humans and in spontaneously hypertensive rats (Arendshorst et al., 
1979). WKY rats were used since these animals are generally regarded as the 
best controls for SHR rats (Beierwaltes et al., 1978; Fink et al., 1979). 
Male rats were supplied by TNO, Zeist, The Netherlands and were used when 
they were 200-250 g in weight. 
After anaesthesia by an intra-peritoneal injection of pentobarbital (45 
mg/100 g BW) and heparinization (500 IU), an abdominal mid-line incision was 
made. The ureter of the right kidney was cannulated with PE-50 polyethylene 
tubing. A metal cannula (1 mm OD, 2 cm long) connected with the perfusion 
system was introduced into the renal artery via the mesenteric artery with-
out interruption of flow. The kidney was freed from the perirenal tissue and 
positioned laterally in the perfusion chamber. Parts of the kidney above the 
fluid surface were covered with moistened pads to prevent the kidney surface 
from drying. Excessive cooling of this part of the kidney was prevented by 
using a heating lamp. Generally, a period of 30 min perfusion at 15 ml/min 
was allowed for the kidney to stabilize before starting the experimental 
protocol. During the first ten minutes of this period the venous effluent 
was discarded; hereafter the fluid was recirculated. 
2.4. Analytical methods 
a) Renal perfusion flow rate (RPF) was determined by measuring the pump 
control voltage. Above 5 Volts there proved to be a linear relationship 
between this control voltage and the pump speed. Regular calibration as-
sured the accuracy of this method. 
b) Renal perfusion pressure (RPP) was measured just proximal to the kidney 
in the bubble trap chamber by means of a miniature pressure transducer 
(CTC Inglewood, Ca., type CP01) and a Wheatstone type electronic measuring 
circuit. Since there was always a flow dependent pressure drop across the 
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arterial cannula, corrections in RPP had to be made. Both the pump control 
voltage (i.e. RPF) and RPP were continuously recorded. 
c) Glomerular filtration rate (GFR) was measured as the clearance of vita­
min В and was also continuously recorded. The method is described in 
detail in Chapter 3. 
d) Sodium concentration and potassium concentration of the perfusate and of 
urine samples were measured by flame photometry (Eppendorf). 
e) The concentration of Pluronic Fl08 in both the perfusate and the urine 
samples was measured by determing the colloid osmotic pressure using a 
membrane osmometer. The osmometer was built after Aukland and Johnsen (1974) 
τ) 
and was equipped with an ultrafiltration membrane (Amicon , Diaflo PM10), 
a miniature pressure transducer (CTC, Inglewood Ca., type CP01), and an 
electronic measuring circuit (Elan, type MBP6208). The osmometer was main­
tained at 20 C; the sample volume was 50 yl. Calibration was performed by 
means of a mercury sphygmomanometer. The Pluronic concentration С (g/L) 
was calculated from the measured colloid osmotic pressure Π (mmHg) of each 
sample,using the following empirical relationship (see Chapter 4) 
Π = 1.5 С + 0.05 Cp (2.1) 
This relationship holds for aqueous Pluronic concentrations at 20 С for 
concentrations up to at least 35 g/L (see Chapter 4). 
Urine Pluronic concentrations may, however, be much higher and beyond the 
measuring range of the osmometer. Therefore, urine samples were diluted 
(1 10) in 0.15 M NaCl before they were applied to the membrane osmometer. 
The reliability of this method was checked as follows the Na- and K- con­
centrations were measured by flame photometry in more than one hundred urine 
fractions. An aliquot of each fraction was dried and the residue was weigh­
ed. The Pluronic concentration of the fraction was calculated, making cor­
rections for NaCl and KCl. In addition, the concentration of Pluronic of 
the same specimen was measured by osmometry as described above. In fig.2.2 
the results of these measurements are plotted. The results justify the ap­
plication of osmometry to diluted urine samples to determine urine Pluronic 
concentration. 
f) The fluorescein-dextran concentration of urine samples was measured with 
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Fig. 2.2 
Comparison of two methods to determine urine pluronic concentration. Pluronic 
concentration cop (C C Op): Values obtained by osmometry after diluting urine 
samples with 0.15 M NaCl (1:10). Pluronic concentration wt (С„
ь
): Values ob­
tained by drying and weighing of urine samples, allowing corrections for 
NaCl and KCl content. The regression line yields: С = 6 . 6 + 0 . 9 8 С . 
( 1 = 0.97; η = 115). c o P w t 
a fluorospectrophotometer (Aminco). The excitation wavelength was 440 nm, 
the emission was measured at 518 nm. 
g) The fractional clearance φ of Pluronic was calculated from the perfusate 
and urine concentrations of Pluronic and vitamin B... Since all the 
pluronic molecules which are filtered into Bowman's space are assumed to 
leave the kidney with the urine, the following equilibrium mass balance 
equation holds : 
G F R
-
CBS,PI - V- UPI 
(2.2) 
where С , is the Pluronic concentration in Bowman's space, V is the urine 
BS,P1 
flow rate and U_, is the urine Pluronic concentration. This mass balance 
PI 
equation applies also to vitamin В . However, since the small vitamin В 
molecules are not restricted in their passage over the glomerular membrane, 
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their concentration in Bowman's space equals that of the perfusate (P ). 
B12 
Therefore, the following equation holds for vitamin B. 
GFR = V.(U/P) (2.3) 
B12 
Substituting eq 2.2 into eq 2.3 leads to 
S S . P I = U P I / ( 0 / P , B 1 2 ^
4 1 
But, since the fractional clearance φ of Pluromc equals С ,/Ρ ,, where 
M
 BS,PI PI 




This relationship was used throughout these studies. The fractional clear­
ance of dextran molecules was calculated in the same way. 
h) Hydrostatic pressures in randomly punctured surface proximal tubules (P ) 
were measured with sharpened glass pipettes (2-5 ym OD). The pipettes 
were filled with ІМ NaCl colored with methylene blue and had a tip resis­
tance of 0.1-0.2 ΜΩ. A continuously recording servo-nulling counter pressure 
apparatus (WP Instruments Inc.,New Haven, Conn., Model 900) was used. This 
pressure measurement is based on the following principle. The tip resis­
tance of the pipette is continuously measured and is used to drive an air 
bellow which controls the pressure at the open end of the pipette. When the 
pipette is inserted into a lumen filled with NaCl of lower molality under 
pressure, this fluid is driven into the tip of the pipette and increases 
the tip resistance. However, by an electronic feedback mechanism which con­
trols the air bellow drive, a counterpressure is applied to the open end of 
the pipette which prevents luminal fluid from entering the tip and main­
tains the tip resistance at its original value. The air pressure needed to 
maintain equilibrium is measured and is taken as the luminal hydrostatic 
pressure. This method was originally published by Wiederhielm et al. (1964) 
and was improved by Intaglietta et al. (1970). 
ι) Glomerular capillary hydrostatic pressure (P_„) was measured by three 
GC 
different methods. Firstly Ρ was taken as the steady state proximal 
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tubular pressure measured during ureteral occlusion; no correction was made 
for the colloid osmotic pressure as will be discussed later. Secondly, Ρ 
GC 
was measured directly in glomeruli made accessible for micropuncture by 
removal of a very thin slice of cortical tissue (^orticotomy). This method 
was developed and was described in detail by Aukland et al. (1977) and was 
validated in both rat (Heyeraas Tender et al., 1979) and dog kidney 
(Heller et al., 1980). Corticotomy was applied m the rat before heparin 
was given and further surgery was postponed until bleeding had stopped. 
Micropuncture measurements were performed as described for Ρ . Although 
glomeruli were visualized by an arterial injection of Alcian blue (0.05% in 
0.1 ml saline), the location of a micropipette within a glomerular capil­
lary could not be checked visually. We adopted the indirect criteria of 
Aukland for acceptance of pressure measurements : 1) the recorded pressure 
should change in parallel with RPP, but 2) should not be affected by changes 
in the feedback gain of the counterpressure apparatus; moreover, 3) in­
jection of dye out of the micropipette should not appear in Bowman's space, 
tubules or interstitium. Thirdly, Ρ was calculated from the measured val­
ues of Ρ and the calculated hydrostatic pressure difference over the glom­
erular capillary wall (ΔΡ ) according to 
HY 
PGC " P T + Δ ΡΗΥ ( 2 · б , 
ΔΡ was calculated as a function of GFR from the measured fractional clear-
HY 
anees of pluronic at different GFR values. In paragraph 2.5 we will des­
cribe in detail how ΔΡ can be calculated applying pore theory. 
HY 
l) Preglomerular, R , and postglomerular, R ^, resistances were cal-
' pre post 
culated according to 
R p r e= (М-Р - PGC'/RPF ^ d R p o s t= P^/RPF (2.7) 
Corrections in R for GFR were omitted since filtration fraction 
post 
(GFR/RPF) was always less than 0.04. Resistance values are given in 
mmHg.min/ml. To allow a direct comparison with resistance values reported 
in the literature for blood perfused vasodilated kidneys in vivo, the re­
sistance values will also be given in dyne.s/cm applying to blood perfused 
4 
single nephron vessels. The factor 7.99 χ 10 is used to convert mmHg.min/ml 
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Solute and solvent movement through a cylinderical pore. 
5 4 
to dyne.s/cm ; the number of nephrons is assumed to be 3x10 (Renkin et 
al., 1973), and blood viscosity was taken to be 2.4 cP (Djojosugito et al., 
1970; Seikurt, 1976). Perfusate viscosity for 25 g/1 pluronic at 37.5 0C 
is 1.13 cP (Chapter 4). 
k) The a n a l y t i c a l methods used for the physical-chemical i n v e s t i g a t i o n s on 
Pluronic F108 w i l l be described separa te ly in Chapter 4. 
Pore theory 
In the pore theory, which is also known as the molecular sieving theory, 
a biological membrane is treated as a homogeneous membrane of thickness Δχ 
in which numerous cylindrical pores are present. Transport of water and 
solutes is assumed to take place through these channels. Transport equa­
tions for water and solute have been derived assuming that diffusion and 
solvent drag are the components of solute transport and that the solute 
molecules consist of rigid uncharged spheres (fig. 2.3). In 1951, Pappen­
heimer developed the model to account for the transcapillary transport of 
uncharged, lipid-insoluble-solutes in mammalian muscle (Pappenheimer et al., 
1951). More recently, it has been shown that the coupled transport of un­
charged, lipid-insoluble macromolecules and water across the glomerular mem­
brane of human, Munich-Wistar rat, and dog kidneys in vivo can also ade-
3Θ 
quately be described by transport equations derived from the pore theory 
(Chang et al., 1975b; Pennel et al., 1981,- Renkin et al., 1973; Verniory 
et al., 1973). Generally a model is used in which all pores are assumed to 
have the same radius, X. Some investigators, however, adopted a different 
concept. Arturson et al. (1971) assumed that the membrane contained two 
populations of pores, being different in pore size and number. Other in-
vestigators have compared their experimental results with equations derived 
for square or slit-pore models. Each of these alternative models are alge-
braically more complex to handle than the single size cylindrical pore model. 
Moreover, the advantage of the alternative models has been doubted (Renkm 
et al., 1973). 
In a few preliminary experiments on isolated kidneys, we had observed 
that Pluronic molecules were selectively filtered, and that the fractional 
clearance was inversely related to GFR (see Chapter 5). This filtration pat-
tern agreed well with that predicted by the transport equations derived for 
the pore theory. Therefore, we decided to apply these equations to our 
Pluronic sieving data in order to characterize the glomerular filtration 
barrier in terms of the hypothetical "pore theory" membrane with cylindri-
cal pores, all of equal pore size, and compare these results with those ob-
tained in vivo by others. 
An extensive treatment of the mathematical description of the pore theory 
applied to the glomerular membrane with the assumption of a single size cy-
lindrical pore, has been given by Verniory et al. (1973). More recently, 
several refinements of the theory have been presented (Dubois et al., 1975; 
Chang et al., 1975a; Chang, 1978; Deen et al., 1980). Chang et al. (1975a) 
refined the model by taking into account the increase in colloid osmotic 
pressure that occurs along a glomerular capillary m vivo due to ultrafil-
tration of water. In isolated perfused kidneys, however, the filtration 
fraction defined as the ratio of GFR and RPF, is generally less than 0.04. 
In addition, in kidneys perfused with Pluronic, the fractional clearance of 
this substance is at least 0.3 (see Chapter 5). Therefore, even in the most 
adverse situation the increase in effective colloid osmotic pressure along 
a glomerular capillary will be less than 3% (^  1 mmHg). For this reason we 
adopted the mathematically more simple description as given by Verniory et 
al., assuming the Pluronic concentration along the glomerular capillaries 
to be constant. In their approach the following assumptions are made: 
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a. Δχ, the length of the pores is much greater than the uniform pore 
radius -t; 
b. solute molecules are simulated by rigid spheres of radius CL, moving 
slowly inside the pores, 
c. the solvent flows according to Poiseuille's law; 
d. the filtration rate is constant during the experiment, and steady state 
is assumed; 
e. the solute concentrations are so small that there is no interaction be­
tween the solute molecules inside the pores; 
f. finally it is assumed that the gradients exist only along the χ coordi­
nate. 
Let us call С the solute concentration in the solution before filtration, 
C- that in the filtrate and С the concentration of solute at any point in 
the pore. It is assumed that in a steady flow, the thermodynamic force act­
ing on the solute is counterbalanced by the f notional forces. 
The thermodynamic forces acting on 1 mol of solute is equal to the gradi­
ent of the chemical potential μ . Since it is assumed that all gradients are 
directed along the x-axis, this gradient is, according to Kedem and Katchals-
ky's approach for an ideal solution (Kedem et al., 1958), equal to 
(2.8) 
where ν is the partial molar volume of solute, Ρ is the effective filtrat­
ion pressure, R is the ideal gas constant, and Τ is the absolute temperature. 
The fnctional force X acting on 1 mol of solute can be shown (Vermory 
et al., 1973) to be 
RT 
Ξ . = -±- (K.v - K_v ) (2.9» 
sf D I s 2 w 
where ν and ν are the velocities of solute and water relative to the mem-
s w 
brane and D is the free diffusion coefficient of the solute in water. The 
factors К and К take into account that the fnctional resistance of a 
solute molecule is higher inside a pore than in a free solution. К applies 
to a moving solute molecule in a stationary liquid, and K 9 refers to a 
stationary molecule in a moving liquid. Values for К and К have been cal­
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Sayre (Haberman et al., 1958). However, Verniory et al. have demonstrated 
that these values may also be applied to spheres moving off-axis. 
In the steady state the two right hand terms of eq 2.8 and eq 2.9 are 
equal. When both terms are multiplied by С , an expression for the local 
solute flow per unit area and unit time, j , can be obtained: 
s 
D d C s , K2 „ D V C s dP 
j
s = " K ^ · " d ^ i ^ V s - ι ς - κ τ · d¿ ( 2 · 1 0 , 
where j equals ν .С . The first right hand term in this equation describes 
solute movement due to diffusion, the second one solvent drag. The third 
term represents the flow of solute due to a difference in effective pres­
sure across the membrane. The factor 1/K is called the wall correction 
factor for diffusion, and K_/K that for convection or solvent drag. 
When water transport inside a pore is laminar, the velocity of a water 
molecule as a function of its distance ρ from the axis is 
ν (p) = V(l - p 2 A 2 ) (2.11) 
w 
where V is the axial velocity of water. 
The total solute flow for one pore can now be calculated by integrating 
eq 2.10 over the cross section of the pore that is available to solute mol­
ecules, i.e. for ρ ranging from 0 to Λ.-α, Λ being the radius of the solute 
2 
molecule (see fig. 2.4) . When the resulting expression is divided by π/ι , 
an expression for the mean solute flow per unit area and time is obtained 
which reads 
d c κ
τ v, RTC ,_ 
J = _ H_ . _ £ . s + - 2 . C J S - - 2 . . 5- . » . s
 ( 2Л2) 
s Kj dx D К s ν F К D dx D \*·^ι 
S„ and S„ are called steric hindrance terms for diffusion and solvent drag 
D F ^ 
respectively. As the laminar flow drives proportionally more molecules 
through the central part of the pore than diffusion, S is greater than S . 
Equation 2.12 is still a local one. To become useful for the interpret­
ation of experimental sieving data, the equation must be integrated across 
the membrane. As J is constant along the pore in a steady flow, we find 
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Stenc_ h.inçlrançe_factors : 
d.ff SD= [ l - a / r ] 2 
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Τ 
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Fig. 2.4 
Steric hindrance and wall correction factors. 
where С is the mean value of the solute concentration along the pore. 
s _ 





(dilute solutions). It can be demonstrated that in our experimental con­
ditions this term contributes less than 2% to J . Neglecting this third 
term, С is given by 
(2.14) 
where K' = -± . -β- . Δχ (2.15) 
We shall now express the equations for solute transport in terms of 
renal physiology. Let A be the total pore area available in the kidney; 
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Idealized representation of the glomerular filter. 
molecules Φ equals C./C , and J = GFR.C_, substitution of eq 2.14 into 








 K2 SF Δχ 
K
 " "D · S^ · A 
D ρ 
(2.18) 
Since K. , K., S and S are all functions of Λ/Λ. (see fig.2.4), experimen-
i ¿ F D 
tal data relating φ to GFR can be fitted to eq 2.16 to yield estimates for 
α/Λ. and D.A /Δχ. If values for the effective radius of the solute molecule 
Ρ 
CL as well as for the free diffusion coefficient are also available, the 
porous membrane can be characterized in terms of pore radius -t and the ratio 
Α /Δχ. This permits calculation of the hydraulic permeability of the mem-
P 
brane, and, moreover, estimation of the effective pressure for glomerular 













The ratio Л .Α /(θη.Δχ) equals the hydraulic permeability coefficient К 
Ρ
 F 
of the whole renal filtering area. 
ΔΡ , however, is the net result of two opposing pressures across the mem-
UF 
brane, the hydrostatic pressure difference ΔΡ , and the effective colloid 
HY 
osmotic pressure difference ΔΠ . Therefore, 
ΔΡ
ΗΥ - **иг
 + AnEF ( 2 · 2 0 ) 
ΔΠ__, is given by (Ginzburg et al., 1963) : 
Er 
ΔΠ„ = а(П„ - Π ) (2.21) 
EF GC Τ 
where Π and Π are the colloid osmotic pressures on both sides of the GC Τ 
membrane: σ is the reflection coefficient of the membrane for Pluronic. 
Since the increase in Pluronic concentration along the glomerular capil­
laries is negligible, Π was taken as the perfusate oncotic pressure. 
GC 
Π , however, changes with GFR, due to the inverse relationship between 
φ and GFR. Π was calculated from the equation 
Π = 1.6 С , + 0.009 С2, (2.22) 
pi pi 
taking φ times Ρ
 1 as the Pluronic concentration in Bowman's space, where 
Ρ is the Pluronic concentration in the perfusate; values of φ were taken 
from the fitting of equation 2.16 to the data for GFR and φ. Equation 2.22 
applies to aqueous solutions at 37.5 С for concentrations of Pluronic up 
to 35 g/L (see Chapter 4). 
The reflection coefficient σ cannot easily be measured, but an estimate 
of its value can be obtained. From irreversible thermodynamics it is known 
that the solute flux J is related to the driving forces by the following 
s 
equation (Ginzburg et al., 1963). 
J = ω .ΔΠ + J (l-σ) (C.-CJ/In (C./C.) (2.23) 
s s ν 1 2 1 2 
The first term describes diffusion and the second one solvent drag. J is 
ν 
the volume flow, C. and C_ are the solute concentrations on both sides of 
the membrane, ω is the solute permeability for diffusion, and ΔΠ is the 
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osmotic pressure difference. 
Equation 2.23 may be applied to the whole renal filtering area by sub­
stituting GFR for J , φ for C„/C. , and replacing J by GFR.<t>.C . At high 
ν 2 1 s 1 
GFR, where the relative contribution of diffusional transport becomes neg­
ligible, introduction of these substitutions into eq 2.23 leads to the fol­
lowing relationship between φ and σ. 
σ - 1 - l ^ f (2.24) 
φ - 1 
On the other hand, inspection of eq 2.16 shows that at high GFR σ approach­
es a limiting value A which can be calculated from the estimate of d/fl. 
Therefore, an estimate of σ can be obtained. Moreover, ΔΠ can be cal-
EF 
culated according to eq 2.21, which in turn permits calculation of ΔΡ 
HY 
according to eq 2.20, all as a function of GFR. 
ΔΡ is also given by 
HY 
ΛΡ„„ = P„„ - P
m
 (2.25) 
HY GC Τ 




The relationship between φ and GFR was determined in a number of per­
fusion experiments. The entire set of data was fitted to equation 2.16 to 
yield least squares estimates of α/Λ. and D.A /Δχ. 
Calculations were performed on a PDP-11/34 computer and a damped Gauss-
Newton iteration procedure was used (Draper et al., 1966). 
Statistical methods 
Parameter values are given as single data points or as mean values; in 
the latter case errors are given as standard error of the mean (SEM) unless 
stated otherwise. Statistical analysis of the difference between two mean 
values was performed by means of Student's t-test. Mean values were taken 
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to be significantly different when Ρ < 0.05. Regression analysis was 
carried out according to Snedecor and Cochran (1968). 
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C H A P T E R 3 
MEASUREMENT OF GFR 
3.1. Introduction 
Generally, the glomerular filtration rate (GFR) is determined as the 
clearance of a suitable marker, such as inulin, according to the equation: 
U.V 
GFR = ^y- (3.1) 
Here U is the marker concentration in the urine, Ρ that in the plasma, and 
V is the urine flow rate. Several investigators have shown that vitamin B.-
or cyanocobalamin can also be used as a marker for GFR (Levinsky et al., 
1973). When vitamin B. 5 is used in vivo, corrections have to be made for 
the binding of vit В to protein. However, our isolated kidneys are per­
fused with an artificial cell-free perfusion fluid in which protein is ab­
sent. Therefore, binding of vit В.. to protein is negligible. Since the vit 
В concentration in a solution can easily be measured by colorimetry, we 
tested this substance as a marker for GFR. The perfusate concentration was 
set at 20 mg/1. Urine was collected in 5 min portions in pre-weighed cups. 
The urine flow rate V was determined by weighing. The urine vit В _ concen­
tration was measured spectrophotometrically (Bausch and Lomb, Spectronic 
710) at 546 nm. 
Control experiments in isolated perfused kidneys in which vit В _ clear-
14 
anees were compared with those of C-inulin showed that the ratio of vit 
14 
В., clearance over C-inulln clearance was 1.025 (S.D.= 0.012; n=23). 
Therefore, the vitamin В clearance is a reliable measure of GFR. 
However, the data from which GFR is calculated become available only 
after the experiment, hence this important parameter of kidney function is 
not known during the experiment. This was felt to be a disadvantage, since 
we wanted to control the actual GFR. In previous experiments we demonstrated 
that GFR can be changed by altering the perfusion pressure, RPP. However, 





mult ipl ier 
light source 
Fig. 3.1 
Diagram of the colorimeter. A regulated power supply (Delta Elektronika, 
С 5-5) feeds a halogenlamp. La,(Philips 6V, 10W). Light passes a heat fil­
ter, HF, and is focussed by a lens, 1, (Olympus ocular, G20x) on a beam 
splitting optical fiber, OF. In between the lens and the fiber is a double 
layer of gelatin green filter (Agfa-Gevaert, type U 535), F. Intensity of 
light transmitted through the flow cell, FC, and the reference cell, RC, is 
measured using Cds photo-conductive devices (Philips, RPY 71) coupled to an 
electronic circuit. S. and S_ are electronic switches. 
In this chapter we describe an instrument, permitting nearly instanta­
neous and continuous measurement of GFR. The instrument, consisting of a 
colorimeter with fiberoptics and a urine flow meter, was developed by us. 
3.2. Colorimeter 
Fig.3.1 shows a schematic representation of the colorimeter. It was de­
signed to measure urine vit В.. concentrations up to 400 mg.l , since the 
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urine vit В.. concentration never exceeded this value in all previously 
performed experiments in which the perfusate vit В concentration was set 
-1 
at 20 mg.l (14.8 yM). 
The light source was designed to emit green light of high intensity, 
since an aqueous solution of vit В.« absorbs visible light maximally at 550 
nm. This light, which has max.intensity at 535 nm, is focussed on a beam-
splitting optical fiber. One beam is transmitted through a flow cell in 
which part of the incident light is absorbed by urine vit В.- according to 
Beer's law. This flow cell is identical to the one described by Ullrich et 
al. (195Θ). It consists of a platinum tube, tightly closed on both sides 
with a piece of glass and a thin sheet of polyethylene. The light path of 
the cell is 6 nm, while the inner diameter is 0.5 mm. The reference cell 
has the same dimensions, but contains no fluid. It is used to correct for 
changes in the intensity of the light source. The stability towards changes 
in ambient temperature is improved by selecting CdS cells with equal sen­
sitivity and temperature coefficients, and by mounting both cells in one 
metal block, which can be positioned close to the kidney. 
The CdS cells are part of an electronic circuit which contains two switch­
es, both driven by an oscillator at 1 kHz, such that alternately one of the 
two photoamplifiers is connected to the logarithmic amplifier. A lock in-
amplifier and a low-pass filter convert the logarithmic amplifier output 
voltage into an analog signal proportional to the urine vit В - concentra­
tion. 
Bubble flow meter 
In previous experiments diuresis (V) varied mostly between 10 and 100 
pl.min , but was always less than 200 pl.min . Therefore, the flow meter 
was designed to measure urine flow rates ranging from 10 to 200 pl.min 
A diagram of the flow meter is given in fig.3.2. The instrument is similar 
to the one described by Ludt et al. (1976), except that the fluid volume 
between the two sensors in our device is 250 times smaller than in their 
apparatus. Furthermore, the output of our electronic circuit is linearly 
related to the flow rate, and an electronic safety circuit is introduced. 
The injected air bubbles are transported by the urine through a glass capil­
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Fig. 3.2 
Diagram of the bubble flow meter. LS: infrared light source, PT: photo-
transistor, ST: Schmitt trigger, S: electronic switch, MM- monostable multi­
vibrator, FF: а.с. coupled R-S flip flop, S/H: sample and hold. 
Urine flow Is from A to B. Bubbles are formed in the upper metal part which 
has a larger inner diameter than the glass capillary bubble race track. 
lary is 0.5 mm, the volume between the sensors is about 4 μΐ. Bubble de­
tection is based on the difference in transmission of infra-red light be­
tween air and water. Air bubbles are produced by a small peristaltic pump, 
which after being triggered rapidly injects approximately 1 μΐ of air into 
the urinary flow. When a bubble passes the first detector the timer is re­
set while on passing the second detector the timer value is sampled and 
stored, and the pump is triggered again. The analog divider in the circuit 
converts the time dependent voltage, which is stored in the sample-and-hold 
circuit, into a flow rate dependent signal. 
Recently this flow meter has been modified because in some experiments 
where diuretics were used, V was well over 200 ul.min . Another glass 
capillary was connected to the fluid outlet of the flow meter and a third 
bubble detector was installed in such a way that the volume of the fluid 










С (mg.I-1 ) 
Calibration curve of colorimeter. С is the weight in concentration of 
vitamin 8^21 C M the measured concentration with the colorimeter. Each point 
represents the mean of 5 values and for each point S.D. <^  0.6% of mean val­
ue. For comparison, the line of identity is given. The regression line yields 
C..=0.98C,· r=0.999. 
M 
the original sensors. Arrangements have been made that enable to connect 
either the second or the third sensor to ST2. In this configuration one can 
rapidly switch from the original measuring range to one that is ten times 
larger. 
The flow rate signal and the colorimeter output are fed into an analog 
multiplier whose output is linearly related to GFR. Hence, GFR can be mea­
sured almost instantaneously and continuously. 
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Results and discussion 
Colorimeter and flow meter were tested both as separate units, and to­
gether as a GFR measuring device. 
The colorimeter was tested as follows. Solutions containing vit В con-
-1 -1 
centrations (C) between 0 and 400 mg.l , increasing in steps of 50 mg.l , 
were carefully prepared and checked spectrophotometncally. The results are 
presented in fig.3.3. For the highest concentrations tested, there is a 
slight deviation from the line of identity, which may be due to the presence 
of some stray light (Slayter, 1970). A small drift in the output signal was 
observed, which was less than 0.7% of the full scale value per hour. Mea­
surements were not affected by addition of sodium chloride or pH changes. 
Moreover, at the flow rates in our experiments there was no influence of 
the fluid flow rate on the colorimeter reading. However, addition of Pluronic 
to the test fluid led to a detectable reduction of the colorimeter reading. 
This effect, which may be due to a change in refractive index of the test 
fluid on addition of Pluronic, could almost completely be suppressed by 
platinizing the inner side of the cuvette. 
The bubble flow meter was calibrated against a perfusion pump with an ac­
curacy of 1% (Unita 1, B.Braun, Melsungen, FRG). Ten flow rates, ranging 
from 7.5 up to 200 pl.min were measured 15 times each. The results are 
given in fig.3.4. At flow rates up to 50 pl.min the deviation of the flow 
meter proved to be less than 1%; the regression line through all data points 
follows the equation: V = 1.07 V - 1.8 (ul.min" ); r = 0.999. Calibration 
Μ ρ 
was performed with distilled water. Addition of Pluronic, vit В or sodium 
chloride had no effect. 
In experiments with isolated perfused rat kidneys we examined the re­
liability of both meters in combination as a GFR meter. Colorimeter and 
flow meter were inserted in the urinary flow. In θ experiments GFR was 
manipulated by adjusting the renal perfusion flow rate and hence the per­
fusion pressure; urine was collected in 5 min portions. From the urine 
weight and the spectrophotometncally determined urine vit В concentra­
tions, the 5 m m mean values of GFR were calculated. In fig. 3.5 these re­
sults are compared with those obtained with the GFR meter. 
In one experiment it was confirmed that GFR and the perfusion pressure 
RPP were not affected by connecting the flow probe and the platinum 
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Fig. 3.4 
Calibration curve of the bubble flow meter. 
Vp is the flow rate of distilled water delivered by the perfusion pump. 
V M is the flow rate measured with the flowmeter. The mean of 15 data points 
represents one point in this graph. For each point, S.D. is less than 1.5% 
of mean value. The line drawn is the line of identity. 
cuvette to the ureteral catheter. 
Fig.3.6 shows the reaction of perfusion pressure, urine flow rate, urine 
vit В concentration and Gru to a sudden change in the perfusion flow rate, 
RPF. The step-wise changes in the measured urine flow rate and thus in GFR 
are due to the bubble flow meter. 
In conclusion, the instrument described above provides a reliable method 
for monitoring GFR and therefore opens the possibility to control GFR dur­
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Fig. 3.5 
Comparison of the two methods used for determining GFR. 
Abscissa: mean GFR value as calculated from urine flows measured by weigh­
ing urine collected during 5 minutes, and urine vit Ъ^2 concentrations 
estimated using a spectrophotometer, СРКдд. 
Ordinate: mean GFR value during the same period as measured with the GFR 
meter, GFRM. The straight line is the line of identity. The linear least 
squares fit of all data points yields GFRM = 0.929 χ GFR^ + 21.68, with 
correlation coefficient: r = 0.97. 
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time (mm ) 
Fig. 3.6 
Typical chart recorder registration as obtained during an experiment using 
the GFR meter. It shows the results on a sudden change in renal perfusion 
flow, RPF, of perfusion pressure, RPP, urinary flow rate, V, urine vit В 
concentration, UB ., and GFR. 
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C H A P T E R 4 
PROPERTIES OF PLURONIC F108 
4.1. Introduction 
Pluronic F108 (BASF, Wyandotte, Mi. USA) is a polyoxyethylene-polyoxy-
propylene block copolymer. The hydrophobic polyoxypropylene group consti-
tutes about 20% (by weight) of the molecule, and is sandwiched between two 
hydrophylic polyoxyethylene groups, which make the molecule soluble in water 
(BASF, 1973). Pluronic F108, hereafter referred to as Pluronic, has a molec-
ular weight of approximately 14,000 (BASF, 1973) and is non-ionic (Schmolka, 
1970). It has found many physiological applications, particularly as a 
plasma expander in whole organ perfusion experiments. It increases fluid 
viscosity, and exerts a high colloid osmotic pressure even at low concen-
tration. It improves renal function in the perfused kidney (Franke et al., 
1971; Franke et al., 1975; Fuller et al., 1977,- Wusteman, 1978). 
However, little is known about the physical-chemical properties of Plu-
ronic. To our knowledge, no data are available on the molecular size and 
shape of Pluronic molecules dissolved in water. Their configuration must, 
however, be such that these molecules can easily pass the glomerular fil-
tration barrier, because in perfusion experiments large amounts of Pluronic 
appear in the urine (see section 5.3). Data on diffusion coefficient, vis-
cosity and colloid osmotic pressure are also lacking in the literature. Know-
ledge of these parameters is imperative for the characterization of the 
glomerular membrane by the pore theory (see section 2.5) and for a proper 
comparison of vascular resistance to flow between Pluronic and blood per-
fused kidneys (see section 2.4 and Chapter 6). 
Therefore, we have studied the properties of Pluronic in solutions con-
taining 0.15 M NaCl by means of ultracentrifugation, viscosity measurements, 
osmometry, gel chromatography and densimetry, all at 20 C. Since we want 
to compare the renal clearance of Pluronic with that of dextran, gel chro-
matography and ultracentrifugation were also performed on solutions contain-
ing both Pluronic and dextran. 
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Materials and Methods 
Pluronic F108 (BASF, Wyandotte, Mi. USA) and Fluorescein Isothiocyanate-
Dextran (FITC-dextran), average molecular weight 19,400 (Pharmacia Fine 
Chemicals AB, Uppsala, Sweden), were used without further purification. 
Pluronic was dissolved in 0.15 M NaCl. In studies where the hydrodynamic 
behaviour of dextran was investigated, dextran was added to a 15 mg/ml Plu­
ronic solution. 
Viscosities were determined in an Ubbelohde capillary viscometer, ver­
tically mounted in a constant temperature water bath (+^ 0.1 C) . 
Partial specific volume, v., of Pluronic was calculated using standard 
methods (Bowen, 1971) from solution densities measured in a densimeter 
(Mettler-Paar, model DMA 020 at 20 0 C . 
о о 
Colloid osmotic pressures were measured at 20 С and at 37 С as des­
cribed in section 2.4. 
Sedimentation and diffusion measurements were carried out in a Beekman 
model E analytical ultracentrifuge, equipped with a rotor temperature con­
trol unit. Measurements were made using Schlieren phase plate optics and a 
synthetic boundary cell. Sedimentation at 20 С was measured at 64,000 rpm 
in order to minimize the influence of diffusion. Diffusion measurements at 
10 С and at 20 С were carried out at 6,000 rpm, since at this speed sedi­
mentation is negligible. 
Gel chromatography was performed both at 20 С and at 37 С on a thermo-
stated Sephadex G-100 column (84 cm * 1.6 cm diameter) using a 0.05 N am­
monium acetate buffer solution. Serum albumin (raonometer and dimer), cyto-
chrome-C (Sigma Chemical Co., St.Louis, Mo, USA) and FITC dextran were used 
for calibration of the column. Samples of 2 ml containing 10 mg of either 
test solute were applied to the column and eluted with the buffer solution 
at a constant flow rate of 22.9 ml/h. The eluate was continuously sensed by 
U.V.light absorption (LKB, Uvicord, type 470ІА) and recorded. In the case 
of Pluronic, 20 mg of the solute was dissolved m 2 ml buffer solution and 
applied to the column. Eluting fractions (4 ml) were collected using an LKB 
2070 Ultrorac 11. In each fraction, the Pluronic concentration was determin­
ed using a laser differential refractometer (KMX 16, Chromatix Inc., Ca, 
USA). Blue dextran (2.5 mg/ml) was used to determine the void volume (V ). 
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p l u r o n i c c o n c e n t r a t i o n ( mg/cc) 
Fig. 4 . 1 
Viscosity as a function of Pluronic F108 concentration. Measurements at 20 
0 C (open circles) and 37 0C (solid circles); η is the solute viscosity and 
η 0 denotes the viscosity of the solvent. The calculated regression lines 
are at 20 0C: In(η/η0)=0.023 С + 0.009 (r=1.00; n=5) and at 37
 0C: 1η(η/η0) 
=0.020 С + 0.007 (r=1.00
;
 n=5). 
cooperation with dr. J.A.L.I.Walters of the Department of Biophysical Chem­
istry of this University. Densities of Pluronic solutions were measured 
using equipment of NIZO, Ede, The Netherlands. For the laser refractometer 
measurements the KMX 16 of the Department of Biochemistry (Prof. Hoenders) 
of this University was used. 
Unless otherwise stated, deviations from mean values are given as S.D. 
values, and student's t-test was applied for statistical analysis. 
Results 
Viscosity 
Viscosities of Pluronic solutions of concentrations up to 50 mg/ml were 
measured at several temperatures between 12 С and 37.5 C. At each temp­





Intrinsic viscosity of Pluronic FlOB as a function of the temperature. 
Pluronic is dissolved in 0.15 M NaCl.Values are expressed as mean + S.D. 
The regression line yields: [η] = 25.55 - 0.144xT; r=0.98. 
concentration, where η is the solution viscosity and η is the solvent vis­
cosity. This is illustrated in figure 4.1 which shows the results at two 
temperatures for pluronic concentrations up to 25 mg/ml. The calculated re­
gression lines are given in the legend. At all temperatures the intercepts 
of the regression lines (r > 0.997; n=5) did not significantly deviate from 
the origin. It can be shown algebraically (Tanford, 1961) that under these 
circumstances the slope of the regression line is equal to the intrinsic 
viscosity, [η] , which is defined by 
[η] = lim (η/η - D/C (4.1) 
C-i-o 
In figure 4.2 calculated values for [η] are given as a function of the 
temperature. Data of the viscosity of water at various temperatures were 
taken from the literature (Weast et al., 1969). 
Partial_sgecific volume 
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Fig. 4.3 
Ratio U/RTC as a function of Pluronic concentration С at 20 С (open circles) 
and 37.5 0 C (solid circles). Π is the colloid osmotic pressure, R and Τ have 
their usual meaning. Bars denote S.D. values (n=10). 
measured at 20 C. From the regression line of the plots of solution density 
against the concentration С (r=0.9999) the partial specific volume, ν , was 
calculated. It decreased slightly and linearly with increasing concentration 
-4 
following a regression line ν = 0.8585 - 1.0x10 С (ml/g). 
Cowie et al. (1966) have reported a value of v ? = 0.890 ml/g for Pluronic 
F68 in water at 25 C. Pluronic F68 molecules have the same composition as 
Pluronic F108, but the molecular weight of the former is only 6,800 as a 
result of reduced chain lengths. 
Colloid osmotic pressure 
In general, the relation between the colloid osmotic pressure Π and the 
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Table 4.1: Molecular weight and second virial coefficient В of Pluronic 
Fl08 as obtained from osmometry and ultracentrifugation. 















Note: M N values are mean +_ S.D.: deviation in Мд is calculated maximum 
deviation (see text) . 
solute concentration С obeys the following expression 
n/RTC = (l/M,, + ВС + DC + N (4.2) 
where M^ is the number average molecular weight and В and D are the second 
and third virial coefficients respectively. The colloid osmotic pressure of 
solutions containing up to 35 mg/ml Pluronic was measured both at 20 С and 
at 37 C. The results are given in figure 4.3. For Pluronic concentrations 
between 0 and 35 mg/ml the relationship between Π (mmHg) and С reads: Π = 
1.5C + 0.05C2 (r=0.99,· n=35) dt 20 0 C f and Π = 1.6C + 0.009C
2
 (r=0.98,· n=30) 
at 37 C. A linear regression of Π/RTC on С indicates that in the concen­
tration range used the third term of eq 4.2 can be neglected. This permits 
us to calculate M and В at each of these temperatures. The results of this 
procedure are shown in table 4.1. 
Sedimentation 
Sedimentation coefficients were measured at 20 С at each of four Pluronic 
concentrations (2, 5, 7, and 10 mg/ml) by taking 6 Schlieren photographs of 
the boundary between the Pluronic solution and the reference solution (0.15 
M NaCl) at intervals of 32 minutes. The mean sedimentation coefficient 4 for 
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Fia, 4.4 
The reciprocal of sedimentation coefficient of Pluronic as a function of 
Pluronic concentration at 20 0 C (mean + S.D.). 
where ω is the angular velocity of the rotor, r is the distance from 
Schlieren-peak to the center of rotation, and t is time. From a plot of 
ln(r) against the time, Λ can be determined directly. The sedimentation co­
efficient at infinite dilution, Λ , is obtained from the following equation: 
о 
1Л 1/4 (1 + к С) 
о s 
(4.4) 
which holds for synthetic polymers and other noncompact or asymmetric par­
ticles and where к is a constant dependent on solvent and temperature 
s 
(Elias, 1961) . The results are given in figure 4.4. From the regression 




s) , and к 0.097 + 0.003 
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Diffusion coefficient of Pluronic as a function of Pluronic concentration 
at 20 0C (open circles) and 10 0C (closed circles); (mean + S.D.). 
Diffusion 
The diffusion coefficient of Pluronic was determined from Schlieren photo-
graohs as described in section 4.2, using the equation: 
(A/H ) = 4 TTDt 
max 
(4.5) 
where A and H are the area and height of the Schlieren peak respectively 
max 2 




At 20 0C the diffusion coefficient at infinite dilution, D
o
, was cal­
culated from the regression line obtained by plotting D against С (figure 
4.5) on the basis of the equation (Elias, 1961): 




Table 4.2 : Diffusion coefficients (mean + S.D.) of FITC dextran (mol weight 
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Note: Ρ values are obtained applying Student's t-test on the theoretical 
(D., ) and experimental (D ) values. 
theor ^ exp 
-7 2 
This yields values of D = 6.93 + 0.29 (10 cm /s) and к = 0.002 + 0.002 
О — D — 
(ml/mg). With the ultracentrifuge used, it was not possible to measure at 
37.5 C. However, a value for D at 37.5 С was obtained as follows. Since 
neither at 10 nor at 20 C a significant dependence of D on С was observed, 
we assumed that this would also be true for 37.5 C. By linear extrapolation 
of the mean values of the diffusion-coefficients measured at 10 and 20 C, 
4.7 10 and 7.2 10 cm /s respectively, D at 37.5 С was calculated to be 
1.15 IO - 6 cm2/s. 
Diffusion coefficients were also measured for FITC-dextran with mean 
molecular weight 19,4000 (as stated by the manufacturer) dissolved in an 
aqueous solution containing 0.15 M NaCl and 15 mg/ml Pluromc. The latter 
solution was present in the reference cell compartment. The results are 
shown in table 4.2. 
The effective Stokes-Einstein radii R for FITC dextrans as a function of 
s 
molecular weight, as provided by the manufacturer, were compared with values 
for pure dextrans taken from the literature (Chang et al., 1975c, Bohrer et 
al., 1979; J^rgensen et al., 1979). There proved to be no significant dif­
ference between the two types of dextran molecules. The Stokes-Einstein 
radius of a dextran molecule with molecular weight 19,4000 was calculated 
to be 31.3 A. The diffusion coefficient of dextran dissolved in water at 
low concentrations is almost independent of the concentration (Jpirgensen et 
al., 1979), Hence, theoretical values for the diffusion coefficient of dex­
tran molecules dissolved in a Pluromc solution may be obtained from the 
64 
Fig. 4.6 
Relationship between Кд„ and the effective radius R
s
 as obtained from gel 
chromatography on Sephadex G100 at 20 0C and 37 0C. · = cytochrome-C, о = 
FITC dextran 19,4000, + = Pluronic F108 at 37 0 C , О = serum albumin, χ = 
Pluronic F108 at 20 ο 0 , • = gerum albumin dimer, К
д
 values, were the same 
at both temperatures for each of the test solutes. 





where η is the viscosity of the solvent. Statistical analysis shows that the 
theoretical and measured D values for dextran are not significantly different 
(table 4.2). Apparently, the effective radius of the dextran molecule does 
not change with temperature. Therefore, the diffusion coefficient of dextran 
in pure water at 37.5 C, D , was calculated to be D = 1.06 10 cm /s. 
c
 о о 
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Table 4.3 : Stokes-Einstein radius of Pluromc F108 molecules as determined 
from different hydrodynamic properties and its dependence on 
temperature. 
From R (Χ) Τ (0C) 
Ξ 
[η] 37.1 10 
[η] 36.3 






The fractional volume available to the solute, К » was calculated from 
K.„ = (V - V )/(\Л - V ) for each of the applied solutes. V is the elution AV e о t с ^ e 
volume of the solute, V is the total volume of the column, and V is the 
t о 
void volume. From the regression line obtained by plotting К against R 
(fig. 4.6) , the Stokes-Einstein radius for Pluromc F108 was calculated. The 
results are given in table 4.3. R values for serum albumin and cytochrome-
C were taken from the literature (Chang et al., 1975c). 
Molecular weight 
While osmometry yields a value for the number average molecular weight, 
sedimentation and diffusion coefficients enable us to estimate the weight 




D (1 - v,p ) 
о 2 о 
where ρ is the solvent density. Other symbols have their usual meaning. 
о 
Furthermore, from ultracentnfugation data, the second vinal coefficient 




 + IcD) /% (4.9) 
Results for 20 С are given in table 4.1. The errors in M and В were esti­
mated by means of the general equation: 
ΔΓ(χ.) = Ε [|^-]Δχ. (4.10) 
Χ , dX, 1 
І 1 
using S.D. values for parameter errors Δχ.. 
Molecular size and shape 
There are several ways of calculating the effective radius of an equiv­
alent sphere R for the Pluronic molecule, but the estimated R generally 
depends on the method used (Flory, 1953). R may be obtained from the in­
trinsic viscosity using the equation: 
[ n ] = V ^ v h (4.11) 
where ν is the shape factor which equals 2.5 for spheres, N is Avogadro's 
number and v. = 4/3πΗ . The diffusion coefficient at infinite dilution yields 
h s 
a R value according to equation 4.7. In addition, R may be obtained by 
s s 
gel chromatography. Table 4.3 summarizes the resulting values for R . 
s 
Although flexible polymers in solution behave as spheres (Tanford, 1961), 
it cannot a priori be excluded that Pluronic molecules in solution are non-
spherical. Whatever the actual configuration of a molecule may be in a par­
ticular solvent, there is a rigid ellipsoid (the effective or equivalent 
hydrodynamic ellipsoid) which exhibits the same hydrodynamic behavior as the 
solvated molecule in solution (Scheraga et al., 1953). Size and shape of 
this ellipsoid depend also on the flexibility of the molecule and its per­
meation by the solvent. Scheraga and Mandelkern (1953) have shown that the 
axial ratio ρ of this rigid ellipsoid is uniquely related to the parameter 
ß defined by: 
В = Nó [ п ] 1 / 3 η /М 2 / 3 (1 - ν_ρ ) (4.12) 
о о ¿о 
For Pluronic at 20 С, В is calculated to be ^ 2.48x10 , which leads to an 
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axial ratio of a prolate ellipsoid a/b = 12. The maximum deviation in 0 due 
to errors in the various parameters is estimated by application of equation 
4.10. It is approx. 9%, which represents a maximum error in the axial ratio 
a/b of ca. 50%. 
Discussion 
From the calculated R values (table 4.3), and the observed relation be-
s 
tween the intrinsic viscosity and the temperature (figure 4.2), it is clear 
that the Pluronic molecule expands m solution with decreasing temperature. 
This is probably due to a strengthening of the interaction between the mole­
cule and the solvent at low temperature, because 1) Pluronic is more easily 
dissolved in cold than in warm water (BASF, 1976) and 2) colloid osmotic 
pressure depends upon the temperature (fig. 4.3). 
There seems to be a discrepancy between R values obtained from viscome-
try and gel chromatography, and those obtained from ultracentrifugation. 
However, R values obtained from sedimentation and diffusion are generally 
found to be lower than those from viscometry. This is due to a difference 
between the fnctional effect on the molecule in translational motion com­
pared with that in shear (Flory, 1953). Furthermore, these data may reflect 
the heterogeneity of the Pluronic sample. From gel chromatography it was 
found that more than 90% of the eluting solute was in the main peak. A small 
but significant peak, however, showed the presence of molecules of a mean 
radius of approximately 27 A (figure 4.7). These smaller molecules are known 
to develop during the production of Pluronic Fl08 in the pro-proxylation 
step, due to an allylic rearrangement (Schmolka, personal communication). 
As a result of this heterogeneity, the number average molecular weight 
as determined from osmometry is smaller than the weight average molecular 
weight obtained from ultracentrifugation (table 4.1), as is generally found 
(Williams et al., 1973). 
From a comparison of the molecular weight and the Stokes-Einstein radius, 
as well as from the high intrinsic viscosity, it appears that the Pluronic 
molecule has a very loose structure. In section 4.3 we have shown that more 
than one molecular size and shape can explain the measured hydrodynamic 
properties of Pluronic. For the characterization of the renal glomerular 
6Θ 
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Fig. 4.7 
Gel chromatography of Pluronic F108 dissolved in 0.05 N ammonium acetate 
on Sephadex Gl00 at 20 0C. Collected fractions of 4 ml were applied to a 
laser differential refractometer (Chromatix KMX 16). Data points are re-
fractometer readings in arbitrary units. The profile clearly demonstrates 
the presence of a small fraction of smaller molecules. 
membrane, however, it is necessary to know what the real shape of the 
Pluronic molecules in solution is. Although the second virial coefficient 
В may serve to solve this problem, this quantity is generally too sensitive 
to solvent-solute interaction to be a reliable measure of the configuration 
(Tanford, 1961). The values for В given in table 4.1 depend strongly on the 
temperature. Only at 37 C, does the value of В suggest that Pluronic is a 
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flexible polymer (Tanford, 1961). 
Of the various hydrodynamic properties of macromolecules, none appears 
to be so intimately related to molecular shape as the viscosity (Tanford, 





.С = [η] + k[n]2C (4.13) 
where к is the Huggins constant. We calculate a value of к = 0.5 at 20 C. 
This figure is closer to the value of 0.35 generally found for flexible 
coils than the value of 2.0 found for solid uncharged spheres. 
An additional method to test whether the Pluronic molecule is a flexible 
coil is to compare the molecular weight and the Stokes-Einstein radius of 
at least two fractions of the same polymer, which have different molecular 
weights. For this purpose, our Pluronic F108 data may be compared with those 
of Pluronic F68. The latter molecule has a mean molecular weight of 6,800 
and the Stokes radius is 23.6 A (Schmolka, personal communication). Com­
parison shows that R varies as M ' , close to the relation M " reported 
for a randomly coiled molecule (Tanford, 1961) . 
In conclusion, the results strongly suggest that Pluronic F108 molecules 
dissolved in 0.15 M NaCl behave as randomly coiled molecules. Therefore, 
they are likely to behave as spheres. Although the hydrodynamic properties 
change with the temperature, the molecular size of Pluronic is such that it 
is a potential probe for the characterization of the glomerular filter. 
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C H A P T E R 5 
GLOMERULAR FILTRATION: I. FILTRATION OF MACROMOLECULES 
Introduction 
Since Weiss et al. in 1959 introduced the isolated perfused rat kidney 
for studying the regulation of renal blood flow, this model system has been 
considerably Improved (Ross, 1978). However, with perhaps one or two ex-
ceptions (Franke et al., 1971; Franke et al., 1978) glomerular filtration 
rate (GFR) in isolated kidneys perfused with cell-free and protein-free 
medium was always found to be lower than in vivo (Bullivant, 1978a; DeMello 
et al., 1976; Maack, 1980; Siegers et al., 1981). This difference may be 
due to a decreased hydraulic conductivity of the glomerular wall or to al-
tered glomerular hemodynamics. However, the fractional clearance of albumin 
in the isolated kidney was also higher than in the intact rat at comparable 
GFR values (Fuller et al., 1977; Schurek et al., 1978; Stolte et al., 1979). 
This observation seems to be in contradiction with a decreased hydraulic 
permeability in the isolated kidney. Since albumin molecules are negatively 
charged, this difference could reflect a loss of negative charge of the 
glomerular membrane, or a change in size selective permeability. 
The transport of macromolecules across the glomerular capillary wall has 
been described theoretically with flux equations based on either restricted 
transport through small pores, or on the irreversible thermodynamics formu-
lated by Kedem and Katchalsky. Although there is good qualitative agreement 
between these two descriptions of membrane transport, an important funda-
mental distinction sets them apart. With the pore theory it is necessary 
to assume a particular geometric structure (i.e. cylindrical pores) for the 
membrane phase, whereas the internal structure of the membrane need not be 
specified in deriving the Kedem-Katchalsky flux relations. The structural 
complexity of biological membranes makes it unlikely that the exact hydro-
dynamic conditions required by the pore theory are ever achieved in a bio-
logical system. Nonetheless, estimation of the membrane parameters based 
on the pore theory still yields some useful insight into the special perm-
selectivity characteristics of the glomerular capillary wall. A distinct 
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advantage of the pore theory over the Kedem-Katchalsky approach is that it 
is easier to use in computing membrane parameters from experimental data, 
since Α /Δχ, fi, and the ultrafiltration coefficient К are related as des-
p F 
cribed in section 2.5 by eq 2.19. Thus, there are only two independent para­
meters to be calculated, whereas three parameters (Κ , ω and a) are needed 
for the Kedem-Katchalsky approach. 
In the past, Chang (1978) has demonstrated that application of the pore 
theory to the glomerular capillary wall can provide reliable estimates of 
the glomerular hydraulic conductivity as well as of the driving forces for 
solute and fluid transport. However, whereas his study, as well as those 
carried out by other investigators have yielded much insight into the fil­
tration properties of the glomerular capillary wall in the rat kidney in 
vivo, very little is as yet known about the filtration properties in the 
isolated perfused rat kidney. The generally observed low GFR values in these 
kidneys might possibly be caused by a reduction in the hydraulic conductiv­
ity of the glomerular membrane after isolation of the kidney. 
We decided to investigate this issue further. Preliminary experiments 
with isolated kidneys revealed that Pluronic molecules are selectively fil­
tered. The fractional clearance, φ, of these molecules was inversely related 
to the GFR, being about 0.7 at 100 μΐ/min and about 0.3 at 800 μΐ/min GFR. 
This inverse relationship fits with the pore theory. Therefore, we decided 
to determine the relationship between the fractional clearance of Pluronic, 
φ, and GFR more precisely, and calculate the membrane parameters by fitting 
the data points to equation 2.16 (see section 2.5). This procedure differs 
from the one applied in the in vivo studies in two respects· 
1. Synthetic macromolecules, such as dextran, polyethylglycol, polyvinyl­
pyrrolidone and ficoll, have been used as tracer molecules, but not 
Pluronic; 
2. The procedure generally involves addition of tracer amounts of graded 
fractions of macromolecules to the blood circulation. Thus, the radius 
of the probe molecule is the only variable. 
We use a single probe molecule, vis Pluronic, throughout the entire study, 
except for a few experiments where tracer amounts of dextran were applied, 
and we change the GFR in the isolated perfused kidney. This approach implies 
assumptions which will be dealt with in detail in section 5.3. 
In most of the in vivo experiments in which the equivalent pore radius 
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and the hydraulic permeability coefficient К of the glomerular membrane 
were determined by application of the pore theory, dextrans were used as 
tracers. Now in the derivation of the transport equations given in section 
2.5 it was assumed that the solute molecules were both rigid and spherical. 
However, dextrans in solution behave as flexible molecules, which are able 
to undergo deformation (Granath, 195Θ). A dextran molecule of 21,000 mol 
weight dissolved in water can be represented by a rigid prolate ellipsoid 
with an axial ratio of 9 (Bohrer et al., 1979). However, in the case of 
solvent drag the long axis of non-spherical molecules tend to align with 
the direction of flow (Soil, 1967; Solomon, 196Θ). At normal GFR values in 
vivo these dextran molecules are therefore likely to pass cylindencal pores 
more easily than compact spherical molecules of the same Stokes radius. 
Indeed, Bohrer et al. (1979) have shown that the fractional clearance of 
dextran molecules in Mumch-Wistar rats in vivo is significantly higher 
than that of the more compact and almost spherical ficoll molecules with 
the same effective radius when determined by gel chromatography. Since we 
make a comparison between membrane parameters calculated in perfused kid­
neys and those reported in the literature, we have to compare sieving data 
of Pluronic and dextran in the isolated kidney. 
Materials and Methods 
In the present investigation we have measured the relationship between 
the fractional clearance of Pluronic and the GFR in a large number of per­
fusion experiments and we have fitted the data to equation 2.16, as describ­
ed in section 2.5. The equivalent pore radius, -Ί, of the glomerular filter 
and the ratio of total pore area over pore length, Α /Δχ, were calculated, 
Ρ 
using the physicochemical parameters of Pluronic as given in Chapter 4. In 
addition, the filtration coefficient, К , was calculated. The effective fil­
tration pressure, the colloid osmotic pressure difference, and the hydro­
static pressure difference over the glomerular membrane were calculated as 
a function of the GFR. according to the equations described in section 2.5. 
Experiments were carried out on normotensive male Wistar rats of 200-250 
g body weight as outlined in section 2.3. The Pluronic concentration in the 
perfusate was either 15, 25, or 35 g/1. The perfusate temperature was gen­












Table 5.1 : Fractional clearance of Pluronic F108 as a function of the GRF. 
Values are means + SEM; η denotes the number of 5 min periods, 
and φ is the fractional clearance. Within each experiment the 
GFR was kept constant by adjusting the flow rate of the per­
fusate. Perfusate Pluronic concentration was 35 g/1. 
rat η GFR 
(μΐ/min) 
200.9 + 1.6 0.579 + 0.005 
404.1 + 2.3 0.496 + 0.005 
608.5 + 3.4 0.352 + 0.003 
826.9 + 3.1 0.338 + 0.003 
1013.6 +12.2 0.331 + 0.003 
the effect of temperature on Pluronic filtration; in these studies the per­
fusate Pluronic concentration was 25 g/1. 
In experiments where the fractional clearance of dextran was measured, 
fluorescein-dextran (FITC-dextran) with a molecular weight of 19,400 was 
added to the perfusate at a concentration of 80 mg/1. The perfusate Pluronic 
concentration was 25 g/1 in these experiments. The analytical methods have 
been described in section 2.4. 
Results 
In preliminary experiments, at 35 g/1 Pluronic in the perfusate, we ob­
served that the fractional clearance of Pluronic was high and GFR dependent. 
At constant GFR, however, φ remained remarkably constant throughout the ex­
perimental period (Table 5.1), suggesting that the sieving properties of the 
membrane did not change during perfusion. 
In another set of experiments the effect of the perfusate oncotic pres­
sure on the fractional clearance φ of Pluronic was tested. In five exper­
iments kidneys were perfused with 15 g/1 Pluronic, and in another five with 
25 g/1. GFR was set at approximately the same value in all experiments. 
There was no significant difference in φ values between the two groups: 
GFR = 540.3 + 9.5 μΐ/min and φ = 0.368 + 0.008 at a perfusate Pluronic con-
74 
0.0 
0 200 ' 400 ' 600 ' Θ00 ' 1000 
GFR (¿ü-rnirr1) 
Fig. 5.1 
Fractional clearance φ of Pluronic molecules as a function of GFR. 
Different symbols denote different perfusate Pluronic concentrations: 
о = 15 g/1, · = 25 g/1, and + = 35 g/1. n=50. 
centration of 15 g/1 as compared with GFR = 535 +^  10.1 μΐ/min, and φ = 
0.3Θ1 + 0.013 for 25 g/1. 
In fig.5.1 the data points relating GFR to φ, obtained in 50 experiments 
with either 15, 25, or 35 g/1 Pluronic in the perfusate, are plotted. Again, 
no significant difference was observed between the φ values obtained at each 
of the Pluronic concentrations. The data points, fitted to eq 2.16, provided 
estimates of a/4 and D.A /дх. Together with the Stokes-Einstein radius α = 
ρ -6 2 
34.6 8 and the free diffusion coefficient D = 1.15 10 cm /sec (section 
4.3) of Pluronic molecules dissolved in water at 37.5 C, these data permit 
the characterization of the glomerular filter. For R the value obtained by 
gel chromatography was used, since J^rgensen et al. (1979) have demonstrated 
that this method provides the most reliable values for calculation of the 
glomerular permeability of macromolecules. The parameter estimate d/K, as 
well as the calculated values for the pore radius, >l, the ratio of pore area 
75 
Table 5.2 : Estimates of glomerular membrane parameters in the isolated 
perfused kidney. These estimates were obtained by fitting the 
experimentally determined relationship between the fractional 
clearance of Pluronic F108 and the GFR at 37.5 0C to the pore 
theory. 
χ Values under 'estimate' apply to the whole renal filtering 
area of the kidney; those between parentheses are calculated 
values for a single nephron. The number of glomeruli per kid­
ney was taken to be 3.104 (Renkin et al., 1973). 
Parameter Symbol Estimate 
Ratio of solute over pore radius 
Pore radius (A) 
Ratio of pore area over 
pore length (cm) 
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Fia. 5.2 
Calculated values for net driving pressure for ultrafiltration (ήρ ), ef 
fective colloid osmotic pressure difference (ΔΠ
Ε
ρ), and hydrostatic pressure 
difference (ΔΡαγ) over the glomerular membrane as a function of GFR. Per­
fusate Pluronic concentration is 25 g/1 at 37.5 0C. 
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Fig. 5.3 
Fractional clearance φ of FITC-dextran, mean mol.weight 19,400, as a function 
of GFR. The mean mol.weight of the dextran was 19,400, the temperature 37.5 
0C. The upper curve is calculated from the pore data listed in table 5.2 
and the physical-chemical data of dextran (Chapter 4). The lower curve is 
the fitted regression line through data points. 
over pore length, Α /Δχ, and the hydraulic permeability coefficient, Κ , are 
given in table 5.2. 
Fig.5.2 shows the calculated values of ΔΡ„„, ΔΠ__, and Δ Ρ , all as a 
function of GFR, assuming a perfusate Pluronic concentration of 25 g/1 at 
37.5 0C. The reflection coefficient σ of the glomerular membrane for Pluronic 
was calculated to be 0.51, according to the method described in section 2.5. 
In fig.5.3 the data points relating the fractional clearance of FITC-
dextran to GFR, measured in θ experiments at 37.5 С are plotted. Due to 
their smaller size the dextran molecules pass the glomerular barrier more 
easily than the Pluronic molecules. From the free diffusion coefficient and 
the Stokes-Einstein radius of dextran at 37.5 С (1.06 10 cm /s and 31.3 
X respectively) and the pore radius, Ί, and Α /Δχ calculated from the 
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Fig. 5.4 
Fractional clearance of Pluronic at 34 C. 
Pluronic sieving data (table 5.2), a relationship between GFR and φ for 
dextran was obtained. In fig.5.3 the theoretical relationship is compared 
with the one obtained from a least squares fit of the data points. 
In 16 experiments the fractional clearance of Pluronic was measured at 
34 С and a perfusate Pluronic concentration of 25 g/1 (fig. 5.4). In these 
experiments φ was always higher than at 37.5 С at the same GFR. From the 
computer fitted estimates of а/Я. and Α /Δχ the equivalent pore radius Λ was 
ο Ρ 4 3 
calculated to be 78 A with Α /Δχ = 5.2 10 cm, σ = 0.34, and К = 0.72.10 
P F 
О 
nl/s.mmHg (0.024 nl/s.mmHg per nephron). In three kidneys perfused at 31 С 
φ was not significantly different from one. However, in these experiments 
it was impossible to obtain a GFR value higher than 150 μΐ/min. 
Discussion 
As stated in section 5.1, our experimental procedure, and therefore the 
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treatment of the pore theory, in the present study differed from that gen-
erally followed in studies in vivo. This implies that three major assump-
tions have been made, which will now be discussed. 
1. In the in vivo studies the fractional clearance is generally calculated 
from tracer molecule concentrations measured in fluid samples which are 
obtained by sampling directly from the systemic circulation and from Bowman's 
space. However, we calculated the Pluronic concentration in Bowman's space 
from that in the urine according to eq 2.2 (section 2.4). It is assumed 
therefore, that Pluronic molecules are neither secreted, nor reabsorbed by 
the tubular wall. While we cannot rule out such transport processes from our 
data, it has been shown by others that dextran molecules (Chang et al., 
1975c), polyethylene glycol (Jíírgensen et al., 1979), polyvinylpyrrolidone 
(Verniory et al., 1973), and ficoll (Bohrer et al., 1979) are neither se-
creted nor reabsorbed in the rat in vivo. In addition, the fractional clear-
ances of dextrans, calculated from the pore characteristics obtained from 
Pluronic sieving data and physical chemical data of dextran, agree well with 
the measured dextran clearances (fig.5.3). If Pluronic was secreted or re-
absorbed in sufficient amounts to change its tubular concentration markedly, 
we would expect morphological alterations in the tubular wall in view of the 
high tubular concentration of Pluronic. Electron microscopic inspection of 
kidneys fixed after perfusion did not reveal such alterations (Fleuren, 
personal communication), which is in agreement with other reports on Pluronic 
perfused kidneys (Fuller et al., 1977; Wusteman, 1978). Furthermore, the 
data given in table 5.1 show that φ remains unchanged during a long period 
of perfusion at constant GFR. Hence, any significant alteration would have 
to be induced virtually immediately upon isolation of the kidney, and the 
assumption in our calculation of φ that there is no tubular secretion or ab­
sorption of Pluronic is correct. 
2. The second implicit assumption is that the hydraulic permeability coef­
ficient К does not change with the GFR. Tucker and Blantz (1981) suggest 
F 
that in the in vivo situation К correlates directly with changes in the 
blood oncotic pressure and inversely with the hydrostatic pressure gradient 
over the glomerular membrane. In the present studies the GFR is elevated by 
increasing RPF and hence RPP. This leads to an increase in both Ρ , Ρ ™ , and 
ΔΡ (see Chapter 6). Therefore, if К is affected in the perfused kidney 
Hi F 
in the same way as described above, it would decrease with the GFR. At the 
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Table 5.3 : Fractional clearance of dextrans measured in vivo. The φ values 
for molecular radii of 34.6 A and 31.3 A were taken from pub­
lished φ/GFR graphs. M-W denotes Munich-Wistar rats. 
,
'34.6 '''ЗІ.З GFR(yl/minj Strain of Reference 
species 
0.29 0.52 - M-W (Boston) Bohrer et al., 1979 
0.30 0.42 -ъ 800 M-W (Boston) Chang, 1978 
0.26 0.48 - M-W (Boston) Chang et al., 1975c 
0.31 0.45 я, 800 M-W (Boston) Chang et al., 1975a 
0.22 0.44 - rat/rabbit J^rgensen et al., 1979 
0.30 0.50 - M-W Pennell et al., 1981 
0.09 0.17 ^ 800 Wistar-Furth Oison et al., 1981 
same GFR an increase in perfusate Pluronic concentration from 15 to 25 g/l, 
did not lead to significantly different φ values (see section 5.2) . But, to 
keep GFR constant, a higher RPP and hence an increased ΔΡ had to be ap-
HY 
plied in kidneys perfused with 25 g/1. It is therefore possible that the two 
opposing effects on К have balanced in this situation. However, at all GFR 
values there was no significant difference between φ values measured with 
either 15, 25, or 35 g/1 Pluronic (section 5.2). Therefore, К may be nearly 
F 
constant in the perfused kidney. From the present results we cannot decisiv­
ely conclude that К is independent of GFR, but its dependence is likely to 
be small. 
3. The third assumption is that a perfusate Pluronic concentration of about 
2 mMol does not lead to concentration polarization effects at the glomer­
ular membrane. According to Deen et al. (1974c) it is entirely justifiable 
to analyze sieving data of macromolecules by neglecting radial concentration 
gradients when both RPF and φ are high, as they are in the present exper­
iments . 
The method used in the present investigation has the advantage that only 
one type of macromolecule needs to be considered, and this molecule is al­
ready present in the perfusate. However, there is one drawback to its ap­
plication: each experiment yields only one data point in the relation of φ 
versus GFR. When φ is determined at a certain GFR value and GFR is than 
changed by adjusting RPF, φ generally does not reach a stable value again. 
80 
Table 5.4 : Equivalent pore radii obtained from in vivo sieving data. 
PVP : polyvinylpyrrolidone. 
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Hulrae et al., 1968 
Chang, 1978 
Jíírgensen et al., 1979 
present study 
Since data on the fractional clearance of neutral macromolecules and on 
the hydraulic permeability in isolated perfused kidneys are not available 
in the literature, it is of interest to compare the results of the present 
investigation with those obtained in vivo. 
First of all the fractional clearances of Pluronic and dextran molecules 
plotted in figs 5.1 and 5.3 agree with in vivo data for dextrans of the same 
molecular radius (see table 5.3). 
Here we should remark that studies on glomerular hemodynamics are general-
ly performed on rats of the Munich-Wistar strain. In these kidneys, unlike 
those of other species, many glomeruli are situated close to the renal sur-
face. Therefore, glomerular capillaries and Bowman's space are readily ac-
cessible for micropuncture, allowing to make pressure measurements in these 
structures and to take fluid samples. Occasionally surface glomeruli are 
also found in Sprague-Dawley rats; however, their number is much less than 
in Munich-Wistar rats. 
In table 5.4 our calculated Λ. value is compared with literature values 
obtained from macromolecule sieving data in vivo. 
Values for Α /Δχ and к calculated from sieving data are rare in the 
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literature. In fact, only Chang (197Θ) has reported estimates of these 
filter parameters. Our values (see table 5.2) are substantially smaller 
than those reported by Chang (Α /Δχ = 4 vs 11 cm per nephron, and К = 
0.036 vs 0.071 nl/sec.mmHg per nephron). His 1С, value agrees very well 
with most of the К data available in the literature; for example: 0.072 
(Schor et al., 1981), 0.078 (Deen et al., 1973), 0.070 (Myers et al., 
1975b), 0.065 (Baylis et al., 1977), 0.085 (Humes et al., 1978). However, 
the majority of publications on К are obtained in the same laboratory 
with the same direct micropuncture method and the same strain of Munich-
Wistar rats. It has long been taken for granted that these permeability 
data apply also to other strains of rats. Arendshorst et al. (1980), how­
ever, have recently demonstrated that differences in К exist, even among 
groups of Munich-Wistar rats from different laboratories. Although they 
confirmed the data on К obtained in M-W(Boston) rats (K„ = 0.066 nl/sec. 
F F 
mmHg), in another group of these mutant Wistar rats, M-W(Chapel Hill), 
they found а К of only 0.035 +_ 0.010 nl/sec.mmHg. Moreover, the glomer­
ular dynamics in the latter group of rats resembled much more that in 
Sprague-Dawley rats, which is in agreement with reported data for Sprague-
Dawleys by Kâllskog et al. (1975). This may indicate that a lower IC, value 
is the rule rather than the exception in rats. 
Since the lower К value determined in M-W(Chapel Hill) rats is similar 
to the one obtained in our present study, it is not surprising that our 
calculated ΔΡ values given in fig.5.2 agree well with a mean ultrafil­
tration pressure of ca 15 mmHg at a mean GFR of ca 1.0-1.1 ml/min measured 
m vivo by Arendshorst et al. (1980). Our data are also in agreement with 
the relationship between ΔΡ and the single nephron GFR in vivo in Sprague-
Dawley rats measured by Kâllskog et al. (1975). On the other hand, the ΔΡ 
ni 
values are significantly lower than in the in vivo situation. This differ­
ence, however, is entirely due to the choice of the perfusate Pluronic con­
centration. 
о 
Comparison of figs. 5.1 and 5.3 clearly demonstrates that φ at 34 С 
is higher than at 37.5 С at the same GFR. This is surprising since at 
lower temperatures the effective radius of Pluronic increases, whereas 
the diffusion coefficient of these molecules decreases (Chapter 4). Both 
effects tend to decrease φ. 
The computed estimates for the isoporous membrane at 34 С were Л. = 78 д 
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Calculated pressures at 34 С (see also legend to fig.5.2) 
and А /Лх = 52.10 cm respectively. In comparison with the data given in 
table 5.2 this means a slight increase in Л and a reduction in Α /Δχ by 
Ρ 
some 60%, which, together reduce К by some 35%. Such a reduction in К 
tends to reduce GFR. This effect is even enhanced by the observed increase 
in colloid osmotic pressure on lowering the temperature (see Chapter 4). 
However, fig.5.5 shows that this effect is small compared to the reduction 
in the effective colloid osmotic pressure difference over the filtering 
membrane, ΔΠ-,,, caused by the general increase in φ. A comparison of figs. 
EF 
5.2 and 5.5 indicates that almost equal ΔΡ„, values are needed to produce 
HY 
the same GFR at 37.5 and 34 C. However, ΔΡ„„ may decrease on lowering the 
Hx 
temperature. Glomerular capillary hydrostatic pressure (P ) is not likely 
GC 
to be affected by temperature, since the kidney preparation is vasodilated 
(see Chapter 6 ) , and the filtration fraction is small. Proximal tubular 
hydrostatic pressure (P ), however, may increase due to an increase in 
tubular fluid viscosity, brought about by a higher fractional Pluronic 
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clearance and by the temperature effect on the fluid viscosity per se. 
Although we can explain why GFR decreases on reducing the temperature, 
we cannot give an explanation for the observed increase in φ values. An 
effect of the temperature on the glomerular filtration barrier or on the 
hydrodynamic properties of Pluronic, or on both may be involved. 
It must be realized that the pore theory is based upon a purely hypo­
thetical construction, since hitherto no morphological structures have 
been observed that resemble these pores. Nevertheless, the model has proven 
its value in describing fluid and solute transport through a membrane. More­
over, it enables us to make a direct comparison of the membrane character­
istics in different experimental situations. From such a comparison of the 
present data with those obtained in vivo, we conclude that the transport 
characteristics of the glomerular membrane in the isolated perfused kidney 
does not greatly differ from those in vivo. In Chapter 6 we shall discuss 
the implications of the present findings on the glomerular dynamics in the 
isolated perfused kidney. 
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C H A P T E R 6 
GLOMERULAR FILTRATION: II. RENAL HEMODYNAMICS 
6.1. Introduction 
In Chapter 5 it was concluded that water and solute permeability of the 
glomerular capillary wall in the isolated perfused rat kidney closely re­
semble those in the rat kidney in vivo. Therefore, other factors, possibly 
of hemodynamic origin, must be responsible for the low GFR observed at 
normal arterial pressure in the isolated perfused kidney. The first aim of 
the studies in this chapter was to find an explanation for these low GFR 
values. 
In a number of experiments renal perfusate flow rate (RPF), proximal 
tubular hydrostatic pressure (P ), and GFR were measured and then related 
to the renal perfusion pressure (RPP). In another set of experiments glo­
merular capillary hydrostatic pressure (P__) was determined at different 
values of the perfusion pressure. The glomerular capillary pressure was 
measured directly in kidneys where glomeruli had been made accessible for 
micropuncture by removing part of the cortex (Aukland et al., 1977), and 
indirectly in other experiments by taking Ρ as the proximal tubular pres­
sure during ureteral occlusion. In the experiments where the tubular pres­
sure and GFR were measured the glomerular capillary pressure was calculated 
as the sum of Ρ and the hydrostatic pressure difference over the glomerular 
capillary wall (ΔΡ„
ν
)· Values of the latter were taken from the calculated 
Hi 
relationship between ΔΡ and GFR (Chapter 5). 
Hi 
Knowledge of the glomerular capillary pressure, renal perfusion pres­
sure and perfusate flow rate permits the calculation of pre- and post-
glomerular vascular resistances. The perfused kidneys in our experiments 
were strongly vasodilated, so their vascular resistance to flow is probably 
entirely determined by the morphological structure of the vessels. It is 
well-known that in spontaneously hypertensive rats in vivo the preglomerular 
vascular resistance is considerably increased (Arendshorst et al., 1979). 
However, less certain is whether morphological adaptation of the renal vas­
culature to hypertension contributes to this phenomenon. Conflicting results 
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on this point have been reported (Arendshorst et al., 1979; Collis et al., 
1977; Folkow et al., 1977), although with only a few exceptions (Arends-
horst et al., 1979 ; Azar et al., 1976) conclusions were drawn from exper-
iments in which intrarenal pressures were not measured. Therefore, the 
second aim of this study was to see whether there are any functional dif-
ferences between isolated kidneys of normotensive and hypertensive rats. 
We determined the pre- and postglomerular resistances as a function of the 
perfusion pressure in kidneys of three strains of rats: spontaneously hyper-
tensive Wistar-Kyoto rats (SHR) and normotensive Wistar (NR) and Wistar-
Kyoto rats (»ÍKY) . The last two served as controls. 
2. Methods 
The experimental and analytical methods used were the same as described 
in Chapter 2. The mean hydrostatic pressures in Bowman's space and in prox-
imal convoluted tubules are not significantly different (Arendshorst et al., 
1980). For reasons of convenience we have measured the latter pressure. 
Measurements of the proximal tubular pressure (P ) and the glomerular capil-
lary pressure (P__) were performed as described in section 2.4. Ρ values 
GC GC 
were calculated by means of eq 2.6. For ΔΡ the calculated values as des-
Hi 
cnbed in Chapter 5 for NR kidneys were used, these data were also used for 
calculating Ρ in SHR kidneys, which will be justified in section 6.3.1. 
Results 
Pluronic filtration in sHR_kidne^s 
In 31 experiments the relationship between the fractional clearance 
of Pluronic and GFR was determined. The results, plotted in fig.6.1, are 
not significantly different from those measured in NR kidneys under the 
same conditions (see fig.5.1). Hence, it is not surprising that the para­
meter estimates of К and Α /Δχ are very much alike: 62.0 A and 1.1x10 cm, 
P
 Q 5 
for hypertensive kidneys and 60.9 A and 1.2x10 cm for normotensive kidneys 
(see table 5.2). The calculated value for 1С, in hypertensive kidneys was 
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Fractional clearance of Pluronic as a function of the glomerular filtration 
rate in SHR kidneys at 37.5 C. 
5.2). On the basis of these findings, the ΔΡ values calculated for normo-
tensive kidneys were applied in calculating P_„ in kidneys of hypertensive 
rats. 
6.3.2 Pressure-flow relationship 
In fig.6.2 the measured relationship between the perfusion pressure and 
the perfusion flow rate is plotted for NR and SHR kidneys. The linearity 
over the entire range of pressures suggests that the preparation is vaso­
dilated and that no autoregulation takes place, as in other isolated per­
fused kidney preparations (Fuller et al., 1977). Indeed, addition of papa­
verine (0.5 шМ), a potent smooth muscle relaxant, failed to induce any sig­
nificant fall in perfusion pressure at constant perfusate flow rate in both 
SHR (n=5) and NR (n=5) kidneys at low as well as high perfusion flow rates. 
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Relationship between perfusion pressure (RPP) and flow rate (RPF) m both 
NR (·) and SHR (o) kidneys. Pluromc concentration m the perfusate was 
25 g/1 and the viscosity was 1.13 cP. The regression lines through the mean 
values yield the equations (/=0.19 X +1.1 (r=0.99) for NR, and (/=0.28 χ 
-10.6 (r=0.99) for SHR kidneys. Each point is the mean of η measurements. 
At increasing perfusion pressure n= 10, 8, 29, 19, 20, 9, and 6 in NR, and 
n= 8, 13, 12, 10, and 10 in SHR respectively. Bars denote SEM values. 
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In fig.6.3 GFR is plotted as a function of the perfusion pressure. The 
difference between NR and WKY is not significant at any pressure. GFR in SHR 
kidneys, however, is significantly lower over the entire range of pressure 
studied, both with 25 g/L Pluromc in the perfusate (A) and with 35 g/L 
(B). GFR in kidneys perfused with 35 g/L Pluromc was always lower than in 




















— 1 Г—' 
40 60 80 100 120 140 
RPP (mmHg) 
8 0 0 -
600-
4 0 0 -
2 0 0 -
-
Ο­













80 100 120 140 160 180 
RPP(mmHg) 
Fig . 6.3 
Relationship between GFR and perfusion pressure for NR (·), WKY (i), and 
SHR (o) kidneys perfused with Pluronic. A: 25 g/L Pluronic in perfusate, 
B: 35 g/L Pluronic in perfusate. Data are given as means with bars denoting 
SEM. The difference between values in NR and WKY are not significant. GFR 
in hypertensive kidneys is, however, significantly lower than in normo-
tensive kidneys. Note the difference in scale on the abscissa between A and 
B. 
stable for several hours in the three types of kidneys at perfusion pres­
sures up to approximately 100 mmHg. Fractional reabsorption of water, sodium 
and potassium remained high, as previously reported (Siegers et al., 1980). 
On raising the perfusion pressure above "» 140 mmHg, the kidney function de­
creased progressively. Especially in NR and WKY kidneys there was a massive 
diuresis, (U/P) fell rapidly and GFR generally did not reach a stable 
v i t . 3 1 2 
value. 
4 Glomerular_and tubular_hydrostatic_gressure 
Free flow proximal tubular hydrostatic pressure (P ) was significantly 
lower in hypertensive than in normotensive rat kidneys at the same perfusion 
pressure (fig. 6.4); but the difference between WKY and NR was not signif-
Θ9 
100 120 140 
RPP (mmHg) 
Figure 6.4 
Relationship between free flow proximal tubular hydrostatic pressure (P ) 
and perfusion pressure (RPP). NR (·), WKY (4), and SHR (o) kidneys per­
fused with 25 g/L Pluronic, and NR (•) kidneys perfused with 35 g/L. 
Values are given as means with bars denoting SEM. The calculated linear 
regression line through the mean values for 25 g/L Pluronic yields l/=0.41 χ 
-5.θ (r=0.99) for NR, and (/=0.30 X -4.7 (r=0.99) for SHR kidneys. 
leant. The figure also shows that the proximal tubular pressure increased 
almost linearly with the perfusion pressure. Figure 6.5 shows the relation 
between the proximal tubular pressure (P ) and the glomerular filtration 
rate for both NR and SHR kidneys. In this case there is a striking similar­
ity between the Ρ values obtained in both groups. 
Table 6.1 summarizes the glomerular capillary pressures obtained by the 
three different methods, applied to NR and WKY kidneys. For SHR kidneys 
these values are listed in table 6.2. Except for the highest Ρ values ob­
tained in NR kidneys from stop-flow measurements, these methods did not 
yield significantly different results. Moreover, Ρ values measured in WKY 
kidneys were not significantly different from those in NR kidneys at the 
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Fig. 6.5 
Proximal tubular hydrostatic pressure plotted as a function of GFR. Note 
that in contrast to other figures here · = SHR, о = MR. 
Averages are plotted with bars denoting SEM. ht increasing GFR the number 
of measurements is θ, 1Θ, 16, 24, 9, and 10 in NR, and 20, 14, 9, and 9 
in SHR. The line connecting the experimental points was visually drawn. 
same perfusion pressure, but were always higher in normotensive than in 
SHR kidneys (P < 0.001). 
5 Renal vascular resistance 
From the calculated Ρ values and the corresponding data on perfusion 
pressure and flow rate, the pre- and postglomerular vascular resistances 
were calculated for NR and SHR kidneys according to the equations given in 
section 2.4. The results are plotted in fig.б.6. In SHR kidneys the pre-
glomerular resistance was found to be higher than the postglomerular re­
sistance, while the reverse was observed in NR kidneys. Moreover, the pre-
glomerular resistance was inversely related to the perfusion pressure in 
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Table 6.1 : Summary of glomerular capillary hydrostatic pressures obtained in normotensive NR and WKY 
rat kidneys. 
NR WKY 
Calculated Micropuncture Stopped flow Micropuncture 
RPP 
GC 































































Averages in mmHg are given with the SEM for η determinations. 
+: Significantly different (P < 0.05) from calculated and micropuncture data in NR kidneys at the same line. 
Table 6.2 : Summary of glomerular capillary hydrostatic pressures as obtained in 
spontaneously hypertensive rat kidneys. 






















































Averages in mmHg are given with the SEM for η determinations. 
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Fig . 6.6 
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RPP(mmHg) 
0.0 
Calculated preglomerular and postglomerular vascular resistance in NR and 
SHR perfused kidneys. Squares denote preglomerular values, circles are 
postglomerular values. Closed symbols refer to NR and open symbols to SHR 
kidneys (means with bars denoting SEM). Units on the left side ordinate 
refer to the whole perfused kidney, those on the right side apply to 
single nephron vessels perfused with blood. 
SHR, in contrast to the other resistances, which were constant over the 
entire range of pressures. 
The difference between NR and SHR kidneys is even more pronounced when 
the ratio of pre- and postglomerular resistance is plotted against per­
fusion pressure (RPP), as is done in fig.6.7. Data points for WKY kidneys 
were calculated using the Ρ values as obtained by micropuncture. 
GC 
Again the resistance ratio in normotensive kidneys is almost independent 
of RPP, but in SHR it decreases significantly with increasing RPP, being 
always higher in SHR than in NR kidneys. 
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100 110 120 
RPP(mmHg) 
Fig. 6.7 
Ratio of pre- and postglomerular vascular resistance (R /R ) as cal­
culated from individual data as a function of the perfuiion pressure (RPP) 
in NR (·) , WKY (A) and SHR (o) kidneys. The lines connecting the experi­
mental data points were visually drawn. 
4. Discussion 
1 Proximal tubular pressure 
Besides GFR, the fractional reabsorption of sodium and water in the iso­
lated perfused kidney is generally lower than in vivo, leading to increased 
urine flow rates (table 1.1). However, an increase in urine flow rate also 
leads to an increase in Ρ both in vivo (Brenner et al., 1972b) and in vitro 
(Maack, 1980). Indeed, proximal tubular pressures obtained in the present 
studies are considerably higher than the 10-15 mmHg generally observed in 
vivo (table 6.3). They also increase almost linearly with the perfusion 
pressure. 
At least two factors may be responsible for this elevated tubular pres­
sure. 
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Table 6.3 : Glomerular capillary (P__) and proximal tubular (P ) hydrostatic pressures as 















































































M-W (Chapel Hill) 
M-W (Boston) 
















Arendshorst et al., 1980 
Arendshorst et al., 1980 
Arendshorst et al., 1980 
Kâllskog et al., 1975 
Källskog et al., 1975 
Kâllskog et al., 1975 
Tucker et al., 1981 
Aukland et al., 1977 
Aukland et al., 1977 
Baylis et al., 1978a 
Schor et al., 1981 
Tucker et al., 1980 
Blinder et al., 1980 
Ichikawa et al., 1979a 
Baylis et al., 1977 
Arendshorst et al., 1979 
Arendshorst et al., 1979 
Averages are given for varying numbers of animals. 
M-W = Mumch-Wistar; Sor.D. = Sprague-Dawley; WKY = Wistar Kyoto; SHR = Spontaneously hyper-
tensive rats of Wistar Kyoto strain. AP is the mean arterial pressure. 
1) On enhancing the perfusion pressure there is an increase in GFR (fig. 
6.3) which is accompanied by a more than proportional rise in urine flow 
rate, and therefore by an increase in proximal tubular hydrostatic pres­
sure. 
2) Since Pluronic is partly filtered, the viscosity of the tubular fluid 
is higher than in vivo. This effect is enhanced by tubular water re-
absorption, which on the one hand reduces the tubular fluid flow rate, but 
on the other hand increases the viscosity. 
We conclude that in the isolated perfused kidney, Ρ is predominantly 
determined by the delivery of fluid and Pluronic into the tubular space, 
i.e. by GFR. However, different urine flow rates may at the same GFR also 
result in slightly different Ρ values, which is due to the observed ex­
ponential relationship between fluid viscosity and Pluronic concentration 
(section 4.3). This conclusion is supported by comparing the observed re­
lationship between the proximal tubular pressure and the perfusion pressure, 
and the dependence of Ρ on GFR between normotensive and SHR kidneys (figs. 
6.4 and 6.5). When the proximal tubular pressure is plotted as a function 
of the perfusion pressure there is a significant difference between the two 
groups of kidneys, Ρ in SHR kidneys being lower at the same perfusion 
pressure. However, at the same perfusion pressure, GFR is also significant­
ly lower in SHR kidneys (fig.6.3). When the proximal tubular pressure is 
plotted as a function of GFR (fig.6.4), the difference between NR and SHR 
kidneys is no longer significant. 
The dependence of Ρ on both fluid and Pluronic delivery into the prox­
imal tubule may also explain why the proximal tubular pressure in normo­
tensive rat kidneys perfused with 35 g/L Pluronic is not significantly dif­
ferent from the values obtained with 25 g/L Pluronic at the same RPP (fig. 
6.4). Indeed, at the same perfusion pressure GFR is markedly reduced when 
the perfusate Pluronic concentration is elevated (fig.6.3). This would have 
led to a reduction in Ρ , if not at the same time the tubular Pluronic con­
centration and therefore the fluid viscosity was markedly increased by both 
a reduction in GFR (which increases the fractional clearance of Pluronic; 
fig.5.1) and the increase in perfusate Pluronic concentration by itself. 
It is reasonable to assume that these opposite effects on Ρ cancel each 
other, making the differences in proximal tubular pressure between NR kid­
neys perfused with either 25 g/L or 35 g/L Pluronic non-signifleant. 
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However, a quantitative proof of this hypothesis cannot be given on the 
basis of the present results. 
6.4.2 Glomerular capillary_pressure 
Mean glomerular capillary pressures, calculated as described in par.2.4, 
agree well with those measured by both micropuncture and the stopped flow 
method in other experiments (tables 6.1 and 6.2). Only at highest GFR val­
ues measured, the stopped flow method seems to underestimate Ρ . This 
GC 
method is a combination of the stopped flow method described by Gertz et 
al. (1966) and the technique in which ureteral pressure is measured during 
ureteral occlusion. It is thereby assumed that filtration ceases and that 
diffusion of Pluronic molecules over the glomerular membrane prevents the 
occurrence of a concentration gradient. There are, however, reasons to be­
lieve that Ρ is not accurately measured by this method. Renkin et al. 
GC 
(1973) have pointed out that ureteral occlusion tends to increase the glo­
merular capillary pressure. Furthermore, filtration has been demonstrated 
to continue at a slow rate (Youngberg et al., 1977). Therefore, a small 
filtration pressure and a presumably greater colloid osmotic pressure dif­
ference are likely to exist. 
Direct measurement of the glomerular capillary pressure after removal 
of part of the cortex, though leading to reliable Ρ values, is very labo-
GC 
rious since in only 5% of the impalements technically satisfying recordings 
could be obtained. From the similarity of the calculated values and the 
micropuncture data we conclude that the former method, which only requires 
data that are easily measured once the φ/GFR relationship is determined, 
provides reliable estimates of P__. Moreover, these results suggest that 
GC 
the hydraulic permeability coefficients К of the glomerular membrane as 
F 
calculated in sections 5.3 and 6.3.1 are of the right order or magnitude. 
The data of table 6.1 show that at 105 mmHg, Ρ reaches near normal in 
vivo values in the normotensive rat kidney (table 6.3). At this pressure 
autoregulation becomes effective in vivo (Arendshorst et al., 1979). The 
glomerular capillary hydrostatic pressure increases with the perfusion 
pressure over the entire range of this pressure due to vasodilatation of 
these kidneys. At comparable perfusion pressures the difference in glomeru­
lar capillary pressure between NR and SHR kidneys is always about 20 mmHg, 
which is slightly lower than the 25-30 rmnHg difference predicted by 98 
Gôthberg et al. (1979). 
6.4.3 Glomerular_filtration rate 
In the previous sections we have demonstrated that in the isolated per-
fused kidney preparation developed in our laboratory, Ρ and К closely 
GC F 
approach physiological values. Moreover, the calculated effective colloid 
osmotic pressure difference ΔΠ , for a Pluronic concentration of 25 g/L 
in the perfusate (fig.5.2), is at high GFR close to the 18 mmHg frequently 
reported for the colloid osmotic pressure of rat plasma (Arendshorst et al., 
1979, Blantz et al., 1975b). Therefore, the low GFR in this preparation ap­
pears to be due to the much higher Ρ values than observed in vivo. How­
ever, the question remains to be answered why GFR tends to increase with 
time in NR kidneys, but not in SHR kidneys (Siegers et al., 1980). In ad­
ditional experiments on three NR and three SHR kidneys, perfused at 37.5 с 
with a perfusate containing 25 g/L Pluronic at a constant perfusion 
pressure of ca. 100 mmHg the time course of GFR, the proximal tubular and 
the calculated glomerular capillary hydrostatic pressure was measured. The 
results are plotted in fig.6.8. There is a striking difference between the 
two types of kidneys. Whereas the GFR in hypertensive rat kidneys remains 
relatively constant, it gradually increases in normotensive rat kidneys. 
In both types of kidneys Ρ remains nearly constant, while Ρ does so in 
GC Τ 
SHR kidneys. However, in the normotensive kidney Ρ decreases significant­
ly, while GFR increases. Since an increase in GFR is likely to cause an 
increase in P_ instead of a reduction, the increase m GFR would seem to 
Τ 
be secondary to the reduction in the proximal tubular pressure. 
As outlined in section 6.4.1, different Ρ values may be expected in 
situations where the fractional reabsorption of water is greatly different. 
However, renal function measured approximately 1 hour after isolation of 
the kidney did not significantly differ for NR, WKY, and SHR kidneys (table 
6.4). This observation makes it unlikely that a gradual decrease in water 
reabsorption is responsible for the observed decrease in Ρ . In this con­
nection an observation reported by Bullivant (1978a) may be of interest. 
Sprague-Dawley rat kidneys were perfused with a cell-free solution, con­
taining 3% polyvinyl-pyrrolidone (mol weight ca. 44,000). GFR was initially 
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was started. Electron microscopy of tissue fixed after 10 m m perfusion 
showed that the structure of cortical tubular cells and those of the inner 
medulla as well as the capillary membranes were normal. However, all tubu­
lar cells in the outer medulla were swollen. The lumen was nearly blocked, 
especially in the ascending limb of the loop of Henle. Examination of tis­
sue after 30 m m perfusion showed that the tubular cells of the outer me­
dulla had returned to their control volume and the lumina appeared to be 
open. 
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Table 6.4 : Renal function in kidneys perfused with 35 g/L Pluronic. 
Perfusion Diuresis GFR Fractional reabsorption 
pressure flow rate Na + H2O 
(mmHg) (ml/min) ( l/min) ( l/min) (%) (%) 
WKY (n=5) 
95.7+0.29 17.5+0.16 15.2+0.48 169 .7+5.39 97.9+0.10 91.0 
110.1+0.25 19.2+0.29 23.3+1.02 254.0+12.45 97.0+0.13 90.8 
129.7+0.36 22.6+0.34 49.2+2.85 427.8+16.9 93.2+0.50 88.5 
NR (n=6) 
81.25+0.34 8.4+0.04 10.9+0.31 109.6+ 3.97 98.2+0.14 90.1 
9 4 . 8 + 0 . 2 9 9.8+0.21 14.6+0.5 1 4 7 . 1 + 6 . 0 7 97.6+0.15 90.1 
110.2 +0.20 12.3+0.22 22.0+0.71 234.9+11.3 97.1+0.13 90.6 
129.1 +0.64 15.6+0.23 51.7+2.78 455.0+18.4 93.4+0.36 88.6 
SHR (n=7) 
94.9+0.25 10.1+0.22 10.2+0.35 94.7+2.24 96.1+0.49 89.2 
110.5+0.19 13.2+0.36 14.8+0.49 133.3+5.18 95.6+0.51 88.9 
137.8+0.21 17.0+0.46 24.3+1.28 227.9+12.1 95.2+0.41 89.3 
167.1+0.35 19.7+0.68 32.2+1.48 265.7+10.75 92.9+0.47 87.9 
Data are means +_ SEM; Τ ,(%) and Τ
 n
(*) a r e the fractional reabsorption of 
Na+and H-0 respectively; Τ was 2 calculated from mean values of GFR and 
the diuresis. 2 
In the kidney in vivo there is an osmotic gradient from the papilla to 
the cortex (see Chapter 1). It has been suggested that upon isolation this 
gradient is rapidly washed out by the high perfusion flow rates needed to 
obtain a reasonable perfusion pressure. When renal cells, adapted to high 
osmotic values are suddenly placed in fluid of lower osmolality, it is 
likely that they take up water until a new equilibrium between intra- and 
extracellular osmolality is reached. This mechanism may not only explain 
the observations made by Bullivant (1978a), but also the high initial Ρ 
values observed in our preparations. Nevertheless, it remains unclear why 
SHR rat kidneys behave differently from NR kidneys. 
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Table 6.5 Survey of published values of afferent and efferent arteriolar 
vascular resistance. 
Mean Arteriolar vascular 
arterial resistances 
pressure afferent efferent 
(mmHg) (10 dyne.s/cm ) 




























































papaverine + 2.5% 
plasma loading 
M-W(Boston) 
NR in vitro 
SHR in vitro 
Arendshorst et al., 
1980 
idem 
Baylis et al.,1978b 
Schor et al.,1981 
Arendshorst et al., 
1979 
Deen et al., 1974a 
idem 
Hostetter et al.,1981 
Present study 
idem 
6.4.4 Pre- and_gostglomerular vascular resistance 
The preglomerular resistance is determined by the interlobular arterial 
and the afferent arteriolar resistance. The efferent arteriolar resistance 
is the main determinant for the postglomerular resistance (Boknam et al., 
1981; Källskog et al., 1976). Since the contribution of the interlobular 
arterial resistance to the preglomerular resistance is relatively small, 
a direct comparison can be made between our values for the pre- and post-
glomerular resistance and the in vivo values for the afferent and efferent 
arteriolar resistance reported in the literature. 
Table 6.5 shows that our values for the pre- and postglomerular vascular 
resistance are generally lower than those measured by other investigators. 
There is, however, one important exception: our data calculated for NR 
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kidneys are in good agreement with those obtained by Deen et al. (1974) in 
Munich-Wistar rats after pretreatment with papaverine, a potent smooth 
muscle relaxant. 
It has been well established that the total renal vascular resistance is 
increased in subjects with essential hypertension (Arendshorst et al., 1979). 
Conflicting results, mainly based on indirect clearance studies, have been 
reported concerning the site of this intrarenal vasoconstriction. Recently, 
Arendshorst et al. (1979), using intrarenal pressure measurements, conclud-
ed that in 12-week old SHR kidneys in vivo the renal resistance was primar-
ily elevated by preglomerular vasoconstriction. Indeed, the perfusion pres-
sure in SHR in their experiments was well within the normal range of auto-
regulation, and no morphological abnormalities were observed. During chron-
ic hypertension, however, a considerable hypertrophy of the wall of pre-
capillary resistance vessels, particularly of their media has been reported 
(Furuyama, 1962). Moreover, a reduction in the collagen content of the con-
nective tissue and increased stiffness of the wall of carotid and tail ar-
teries have been observed (Cox, 1981). In our studies we noticed during 
preparation of the kidneys that walls of the renal arteries were stiffer 
in the hypertensive than in the normotensive animals. This suggests that 
in our SHR rats hypertrophy of the media was already present, although our 
animals were of the same age as those used by Arendshorst and Beierwaltes 
(1979). The increased media thickness in hypertensive animals expresses 
itself in an increased wall-lumen ratio in most systemic resistance vessels 
including those of the kidney (Folkow et al., 1971). Most of these vessels 
show an increased flow resistance, even when they are fully dilated. This 
can, according to Folkow et al. (1971), be explained by assuming that hyper-
trophy of the media encroaches on the lumen. This narrowing of the lumen 
might also explain the increased responsiveness of thes^ vessels to vaso-
active agents, without intervention of an increased reactivity of the smooth 
muscle. However, there is evidence (Siegers et al., 1981; Collis et al., 
1977), that structural alterations in the smooth muscle cells of SHR renal 
vessels are involved. 
It can be deduced from the observed relationship between the perfusion 
pressure and the perfusion flow rate (see section 6.3) that the total renal 
vascular resistance was considerably higher in hypertensive than in normo-
tensive rat kidneys at low perfusion pressure. However, this difference 
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disappeared at high perfusion pressures. Since our kidneys were vasodilated, 
these results agree with those reported for the vasodilated rat kidney per-
fused by kerosene (Göthberg et al., 1979). They conflict with the results 
of Collis et al. (1977), who found no difference between vasodilated SHR 
and NR rat kidneys. Furthermore, the present results seem to conflict with 
those reported by Göthberg et al. (1979) for vasodilated kidneys perfused 
with 2% Dextran in Tyrode solution. These authors found the total renal 
vascular resistance in SHR kidneys to be somewhat lower than in NR kidneys. 
However, clearance studies indicated that the ratio of pre- and postglomeru-
lar resistance must have been considerably higher in vasodilated SHR kid-
neys (FoUcow et al., 1977), which is in agreement with our results (fig. 
6.7). Hence, it is likely that in the Tyrode perfused kidneys the pre-
gloraerular vascular resistance was also higher in SHR than in NR, the re-
verse being true for the postglomerular resistance. 
When during hypertension the same adaptive thickening of the media with 
associated narrowing of the lumen is developed in renal vessels as in other 
systemic resistance vessels, this would explain the observed increased pre-
glomerular vascular resistance in our vasodilated SHR kidneys. However, it 
remains to be explained why the preglomerular resistance in SHR kidneys rose 
with decreasing perfusion pressure, while this resistance in NR kidneys was, 
like the postglomerular resistance in both groups of kidneys, almost inde-
pendent of this pressure, in agreement with the results obtained in rats 
treated with papaverine in vivo as mentioned above. Comparison of vascular 
resistances in NR and SHR kidneys at the same perfusion pressure may be con-
fusing, since these pressures in hypertensive kidneys are lower than ar-
terial pressures in vivo. Perhaps the vasodilated postglomerular resistance 
vessels in both NR and SHR as well as the preglomerular vessels in NR, are 
fully distended, whereas preglomerular vessels in the SHR kidneys are not. 
In these kidneys the increased media thickness may enable the vascular 
smooth muscle cells to withstand the relatively low intraluminal pressures. 
On lowering the perfusion pressure, these cells may then well encroach upon 
the lumen,to the extent determined by the elasticity of the media. However, 
it is also possible that a reduction in the collagen content of the vessel 
walls contributes to the observed phenomenon, as it may make the vessels 
more elastic. Further investigation is, however, needed in order to pro-
vide a definite answer on this point. 
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The isolated cell-free perfused kidney permits to study renal function 
under well-defined conditions and has been demonstrated to be useful in 
certain studies (Ross, 1978; Maack, 1980). The kidney preparation used in 
the present investigations was developed for the study of tubular transport 
and metabolism and for investigations on the action of vasoactive agents 
on the renal vasculature (Siegers et al., 1980, 1981). 
Generally, the glomerular filtration rate is an unknown factor during 
the course of an experiment. Yet this factor determines the tubular load 
on which tubular transport depends. We developed an apparatus which mea­
sures the glomerular filtration rate continuously and almost instantaneous­
ly as the clearance of vitamin В . It is described in Chapter 3. 
Like in most other kidney preparations the glomerular filtration rate 
and the fractional reabsorption of sodium and water in our isolated rat 
kidney preparation is lower than in the intact rat, whereas the renal per­
fusion flow rate and urine flow rate are higher (Schurek et al., 1975; De-
Mello et al., 1976; Ross, 1978; Maack, 1980; Siegers et al., 1980). More­
over, these parameters differ in kidneys of normotensive and hypertensive 
rats, both in vivo and in vitro (Folkow, 1979; Göthberg, 1979; Arendshorst, 
1979; Beierwaltes et al., 1980; Evan et al., 1981). Since little is known 
about the hydrodynamic properties of isolated perfused kidneys we investi-
gated these properties. 
Firstly, we determined the filtration characteristics of the glomerular 
membrane. The fractional clearance of Pluronic F108 molecules, which are 
added to the perfusate as a colloid osmotic agent, was not different from 
the fractional clearance of other molecules of the same size in vivo (Chang, 
1978; Bohrer et al., 1979; Pennell et al., 1981). The hydraulic conductiv-
ity of the glomerular membrane was calculated from the measured relation-
ship between the fractional clearance of Pluronic and the glomerular fil-
tration rate. This was done by application of pore theory which is des-
cribed in Chapters 2 and 5. The physicochemical properties of Pluronic 
which have to be known for this procedure have been studied in Chapter 4. 
The results demonstrate that the hydraulic conductivity of the glomerular 
membrane in isolated kidneys of normotensive and hypertensive rats are 
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not different and are equal to the value reported for rats in vivo, with 
the exception of the Munich-Wistar strain (Källskog et al., 1975; Baylis 
et al., 1977; Arendshorst et al., 1980). 
Secondly, we measured proximal tubular and glomerular capillary hydro-
static pressures. In addition, the latter were calculated from the measured 
tubular pressures and the permeability of the glomerular membrane to water 
and Pluronic molecules (Chapters 5 and 6). It was demonstrated that the 
calculated values of the glomerular capillary hydrostatic pressure, which 
are by far more easy to obtain than the measured values, are reliable. 
Proximal tubular as well as glomerular capillary hydrostatic pressure in-
creases linearly with the perfusion pressure, but they are both much lower 
in hypertensive than in normotensive rat kidneys, which explains the lower 
glomerular filtration rate in hypertensive rat kidneys. In Chapter 6 we con-
clude that the high proximal tubular pressure is the main reason for the 
low glomerular filtration rate in isolated perfused kidneys. 
Thirdly, we determined the pre- and postglomerular vascular resistances 
in both types of isolated kidneys. In hypertensive rat kidneys the pre-
glomerular resistance was found to be higher than the postglomerular re-
sistance, while the reverse was observed in normotensive rat kidneys. The 
results were interpreted as evidence that morphological changes in the 
renal vessels of hypertensive rats occur, which contribute to the adapta-
tion of the kidneys of these animals to the elevated blood pressure. 
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SAMENVATTING 
De nier vervult een belangrijke rol bij de regulatie van het volume en 
de ionsamenstelling van het plasma en daarmee van het hele organisme. 
Daarnaast fungeert de nier als uitscheidingsorgaan voor afvalstoffen van 
het metabolisme. 
De nier bevat een groot aantal funktioneel vrijwel identieke eenheden, 
welke nefronen worden genoemd. Elk nefron bestaat uit een glomerulus die 
een kluwen van capillaire bloedvaten bevat en een tubulair systeem. De 
scheiding tussen de bloedbaan en het tubulaire lumen wordt gevormd door de 
glomerulaire membraan. Dit membraan vervult een filterfunktie: water en 
kleine vaste bestanddelen worden vrijwel ongehinderd doorgelaten, maar 
grotere bestanddelen kunnen de bloedbaan niet verlaten. Uit de vloeistof 
die de tubulaire ruimte binnenkomt wordt het overgrote deel van de voor 
het lichaam nuttige bestanddelen geresorbeerd en weer opgenomen in de bloed-
circulatie. Het restant, waaronder afvalstoffen, verlaat de nier als urine. 
Zoals in hoofdstuk 1 is uiteengezet ligt aan de regulerende funktie van 
de nier een komplex systeem van processen ten grondslag welke zowel de fil-
tratiesnelheid als de verschillende tubulaire transporten beïnvloedt. Enke-
le van die processen beïnvloeden elkaar. Sommige staan onder invloed van 
regelcentra die buiten de nier gelokaliseerd zijn en hun invloed via hor-
monale of nerveuze weg doen gelden. Dit inzicht heeft er mede toe geleid 
dat voor de bestudering van de nierfunktie gezocht is naar een modelsysteem 
waarin de experimentele omstandigheden beter dan in het lichaam onder kon-
trole kunnen worden gehouden. 
Binnen de afdeling Fysiologie van de Katholieke Universiteit Nijmegen 
wordt voor onderzoek naar tubulaire transporten en effekten van vasoaktieve 
stoffen op de renale bloedvaten gebruik gemaakt van een geïsoleerd nier-
preparaat. Het bloedvatenstelsel van een rattenier wordt daarbij buiten de 
rat doorstroomd met een gemodificeerde Ringer oplossing. 
De grootte van tubulaire transporten hangt nauw samen met het tubulaire 
aanbod, d.w.z. met de glomerulaire filtratiesnelheid. Laatstgenoemde groot-
heid is echter in een geïsoleerd nierpreparaat meestal niet konstant en 
bovendien pas na een experiment te bepalen. 
Het eerste deel van het hier beschreven onderzoek heeft zich daarom 
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gericht op het ontwikkelen van een methode om de glomerulaire filtratie-
snelheid In de geïsoleerde nier te kunnen registreren. Het in hoofdstuk 3 
beschreven apparaat meet de filtratiesnelheid kontinu als de klaring van 
vitamine В _. 
In het tweede en meer uitgebreide deel van het onderzoek zijn de hydro­
dynamische eigenschappen van het geïsoleerde nierpreparaat onderzocht. Het 
is bekend dat deze op een aantal punten nogal afwijken van de situatie in 
de rat. Bovendien bestaan er verschillen tussen nieren afkomstig van nor-
motensieve en hypertensieve ratten, zowel in vivo als in geïsoleerde pre-
paraten. 
Eerst hebben we daarvoor de filtratieeigenschappen van het glomerulaire 
membraan bepaald. Aan de perfusie-oplossing is Pluronic F108 als kolloid 
osmotisch werkzame stof toegevoegd. Pluronic molekulen hebben een dusdanige 
grootte dat ze slechts in beperkte mate het glomerulaire filter kunnen pas-
seren. Door de fraktionele klaring van pluronic te vergelijken met de in 
vivo gemeten klaring van molekulen van vergelijkbare omvang hebben we gekon-
kludeerd dat de filtratie van macromolekulen in de geïsoleerde nier niet 
afwijkt van die in de rat. 
De waterpermeabiliteit van de glomerulaire membraan hebben we berekend 
uit de experimenteel vastgestelde relatie tussen de fraktionele klaring van 
Pluronic en de glomerulaire filtratiesnelheid. In de hoofdstukken 2 en 5 
is uiteengezet hoe we dit aan de hand van de z.g. ponetheorie hebben ge-
daan. De hiervoor benodigde kennis omtrent de aard en het gedrag van Pluronic 
molekulen is middels een reeks fysisch-chemische experimenten vergaard en 
vastgelegd in hoofdstuk 4. De resultaten tonen aan dat de waterpermeabili-
teit van de glomerulaire membraan in het geïsoleerde nierpreparaat niet af-
wijkt van die in de meeste soorten ratten. Voorts werden in dit opzicht 
geen verschillen gevonden tussen nieren afkomstig van normotensieve en die 
van hypertensieve ratten. 
Vervolgens hebben we drukken gemeten in proximale tubuli en in glome-
rulaire capillairen. Beide bleken een lineaire relatie te vertonen met de 
aangelegde perfusiedruk. Voorts trad hier een verschil tussen beide soor-
ten nieren naar voren. Zowel de tubulaire druk als die in de glomerulaire 
capillairen was, bij dezelfde perfusiedruk gemeten, in nieren van hyper-
tensieve ratten veel lager dan in die van normotensieve dieren. Glomeru-
laire capillaire drukken werden ook verkregen door ze te berekenen uit 
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de gemeten tabulaire drukken en aan de hand van de filtratie-eigenschappen 
van de glomerulaire membraan berekende drukverschillen tussen glomerulaire 
capillairen en tubuli. In hoofdstuk 6 is aangetoond dat de gemeten drukken 
in de capillairen niet verschillen van de berekende. Tevens is uiteengezet 
waarom voornamelijk de relatief hoge tubulaire drukken er de oorzaak van 
zijn dat in geïsoleerde nieren de glomerulaire filtratiesnelheden in het 
algemeen lager zijn dan in vivo. 
Als laatste hebben we de pre- en postglomerulaire vaatweerstanden in 
beide typen nieren bepaald. In geïsoleerde nieren van hypertensieve ratten 
blijkt de preglomerulaire vaatweerstand hoger te zijn dan de postglomeru-
laire, terwijl het omgekeerde werd gevonden in nieren van normotensieve 
ratten. Hieruit hebben we de konklusie getrokken dat er in de weerstandsva-
ten van hypertensieve ratten morfologische veranderingen optreden die er 




De schrijver van dit proefschrift werd op 21 februari 194Θ te Assen ge­
boren. In 1965 behaalde hij het eindexamen HBS-B aan de Rijks-HBS te 
Groningen. In dat jaar begon hij zijn studie aan de Rijksuniversiteit te 
Groningen. Na aanvankelijk Voor wiskunde als hoofdvak gekozen te hebben, 
werd in 1966 het aksent verlegd naar natuurkunde. In 1970 werd het kandi­
daatsexamen (N ) afgelegd. In 1974 sloot hij, na een afstudeeronderwerp 
op het gebied van de elektronenmikroskopie, zijn studie af met het dokto-
raalexamen Technische Natuurkunde. 
In de jaren 1975 en 1976 werd de militaire dienstplicht vervuld. 
Van 1 december 1976 tot 1 november 1981 was hij werkzaam als weten­
schappelijk medewerker op de afdeling Fysiologie van de Katholieke Uni­
versiteit te Nijmegen in de werkgroep van Prof.Dr. J.F.G.Siegers. Deze 
aanstelling was mogelijk dankzij een subsidie van de Nierstichting Neder­
land. Gedurende deze tijd is het hier beschreven onderzoek uitgevoerd. 
Vanaf 1 november 1981 is de auteur werkzaam als klinisch fysikus/Hoofd 
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De door Wusteman gegeven verklaring voor de door haar gemeten 
inverse relatie tusaen de glomerulaire filtratiesnelheid en 
de fraktionele klaring van albumine in een geïsoleerde 
konijnenier, gaat voorbij aan het bestaan van een diffusie-
komponent in het transport van makromolekulen over de 
glomerulaire membraan, en is daarom in leder geval onvolledig. 
Wusteman, M.C.: J.Surg.Res. 2¿, 54-60 (1978). 
II 
De methode welke door Blinder с в . Is gehanteerd ter berekening 
van de totale vaatweerstand van de nier houdt geen rekening met 
het feit dat door glomerulalre filtratie een deel van het bloed 
aan de oirkulatle wordt onttrokken, en ie daarom onjuist. 
π 
ElInder, G., Aperia, Α., Herin, P. en Källskog, 0: 
Acta Physiol.Soand. 106. 411-417 (1980). 
Ill 
Bij biomedisch onderzoek dient uiterste terughoudendheid te 
worden betracht met het veralgemeniseren van konklusies uit 
dierexperimenten met ién soort c.q. één stam proefdieren. 
IV 
• o , 
De bijdrage van de Na /Ca wisselaar aan het transcellulaire 
2+ Ca -transport in de proximale tubulus wordt door Gmaj c.s. 
(1979) overschat. 
Gmaj, P., Murer, H., en Kinne, H.: Biochem.J. 178, 549-557 (1979). 
ν 
Be diffusiepermeabiliteit voor monovalente ionen, gemeten in 
geïsoleerde т тЪгаап вісІее van darm en nierepitheel, ів geen 
afspiegeling van de diffusiepermeabiliteit gemeten aan dezelfde 
plasmamembraan in situ. 
Wright, Б.M., Günther, H.D., Kaunitz, J.I)., Stevens, B.H. , 
Harms, V., Ross, H.J., en Schell H.E. In: Intestinal transport, 
M. Gilles-Baillien en H. Gilles, pp. 122-132, Springer Verlag, 
Berlin (1963). 
Groot, J.Α., van Os, C.H., Zuidema, T. en Siegenbeelc van Heukelom, J.: 
Gastroenterol.Clin.Biol. 2» 502-503 0983). 
VI 
De konklusie die Kawamura en Inagami trekken ten aanzien van 
de werking van calmodulins antagonisten op de renine eekretie 
van de rattenier is onvoldoende onderbouwd. 
Kawamura, M. en Inagami, T.: Endocrinology, 112. 
1857-1859 (1983). 
VII 
Het huidige systeem van subsidieverlening voor wetenschappelijk 
onderzoek werkt het initiëren en uitvoeren van niet-rlsikodragend 
onderzoek in de hand en neemt als zodanig een belangrijke peiler 
der wetenschap weg. 
VIII 
Het vervangen van de mmHg door de kPa als eenheid van druk doet 
geen recht aan de waarde die de kwikkolom in de geneeskunde 
heeft. 
IX 
Het zou van praktisch inzicht getuigen indien de overheid 
ertoe zou overgaan om de door haar verordonneerde maatregelen 
eerst in werking te doen treden nadat de gevolgen ervan zijn 
te overzien. Be maatregelen welke getroffen zijn met betrekking 
tot de budgettering van ziekenhuizen tonen aan dat dit inzicht 
vooralsnog weinig ontwikkeld is. 
Toor de sociaal zwakkeren in onze samenleving is het te wensen 
dat het huidige verkeersgedrag niet maatgevend is voor het 
maatsohappelijk gedrag. 
XI 
Wie sohrijft die blijft ook niet. 
H.M. Brink Nijmegen, 15 september 19Θ3 


